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INTRODUCTION 

Coal g a s i f i c a t i o n  p r o c e s s e s  may be d i v i d e d  i n t o  two s t a g e s .  They are ,  t h e  
i n i t i a l  r a p i d  r e l e a s e  of v o l a t i l e  matter and  t h e  r e l a t i v e l y  s low g a s i f i c a t i o n  of 

c a u s e  t h e  h e a t  t r e a t m e n t  c o n d i t i o n s  under  which c o a l  p y r o l y s i s  o c c u r s  d e t e r m i n e ,  

importance of u n d e r s t a n d i n g  d e v o l a t i l i z a t i o n  k i n e t i c s  h a s  l o n g  been recognized  
( 2 - 6 ) .  However, i t  i s  s u r p r i s i n g  t o  n o t e  t h a t  very  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  r e g a r d i n g  t h e  s t r u c t u r e  and  r e a c t i v i t y  of t h e  c h a r s  produced 
i n  t h e s e  s t u d i e s .  

l t h e  r e s i d u a l  c h a r .  These  two p r o c e s s e s  are n o t ,  however, t o t a l l y  independent  be- 
1, 
( t o  a l a r g e  e x t e n t ,  t h e  s t r u c t u r e  and r e a c t i v i t y  of t h e  r e m a i n i n g  c h a r  (1). The ' 
1 

The work d e s c r i b e d  h e r e  is concerned  w i t h  t h e  u t i l i z a t i o n  of b i t u m i n o u s  (caking)  
c o a l s  i n  d i l u t e  phase ,  r a p i d  h e a t i n g  g a s i f i c a t i o n  and  combust ion sys tems.  Two 
h i g h l y  caking  c o a l s  were p y r o l y z e d  i n  a n  e n t r a i n e d  f l o w  t u b e  f u r n a c e  sys tem and  
d e v o l a t i l i z a t i o n  k i n e t i c s  d e t e r m i n e d  f o r  each c o a l  a t  t e m p e r a t u r e s  of 900 and  1000°C. 
S t r u c t u r a l  p r o p e r t i e s  of t h e  c h a r s  c o l l e c t e d  i n  t h i s  work w e r e  t h e n  a n a l y z e d .  I n  
a d d i t i o n ,  t h e  e f f e c t s  of m i l d  p r e o x i d a t i o n  of t h e s e  c o a l s  upon t h e i r  subsequent  
p y r o l y s i s  b e h a v i o r  were examined. Samples  of each c o a l  were o x i d i z e d  t o  v a r i o u s  
levels  p r i o r  t o  h e a t  t r e a t m e n t .  D e v o l a t i l i z a t i o n  k i n e t i c s  and  s t r u c t u r a l  p r o p e r t i e s  
of t h e  c h a r s  produced were t h e n  a n a l y z e d .  R e s u l t s  r e p o r t e d  h e r e  f o l l o w  t h e  develop- 
ment of c h a r  s t r u c t u r e  w i t h  v a r y i n g  heat, t r e a t m e n t  c o n d i t i o n s  and examine changes  
i n  c h a r  morphology which o c c u r  on p r e o x i d a t i o n  of t h e s e  c o a l s .  T h i s  work is of 
p r a c t i c a l  impor tance  i n  f u t u r e  d e s i g n  c o n s i d e r a t i o n s  f o r  d i l u t e  p h a s e  g a s i f i e r s  
a n d  of p a r t i c u l a r  i n t e r e s t  i n  g a s i f i c a t i o n  schemes where agglomera t ion  of c a k i n g  
c o a l s  can  cause  s e r i o u s  problems.  

EXPERIMENTAL 

P y r o l y s i s  e x p e r i m e n t s  were conducted  i n  a n  e n t r a i n e d  f l o w  t u b e  f u r n a c e  somewhat 
s i m i l a r  t o  t h a t  d e s c r i b e d  by S c a r o n i  et  a l .  (7,8) and Nsakala  and  coworkers  (9 ) .  
B r i e f l y ,  a d i l u t e - p h a s e  c o a l  stream is e n t r a i n e d  i n  a pr imary  carrier g a s ,  p a s s e d  
through a water  c o o l e d  p r o b e  a n d  t h e n  i n j e c t e d  i n t o  t h e  c e n t e r  of a p r e h e a t e d  secon- 
dary  g a s  stream. The secondary  g a s  s t r e a m  e n t e r s  t h e  r e a c t i o n  zone a t  a tempera- 
t u r e  s l i g h t l y  above  t h e  f u r n a c e  w a l l  t e m p e r a t u r e  s o  t h a t  upon mixing  t h e  combined 
g a s  s t r e a m  a t t a i n s  t h e  d e s i r e d  r e a c t i o n  t e m p e r a t u r e  (?  10OC). The pr imary modes 
of c o a l  p a r t i c l e  h e a t i n g  a r e  conduct ion  from t h e  g a s  a n d  r a d i a t i o n  from t h e  f u r n a c e  
w a l l s .  Hea t ing  r a t e s  i n  e x c e s s  of 10,OOO°C/s a re  e s t i m a t e d .  Coal  p a r t i c l e s  t r a v e l  
i n  a p e n c i l  stream down t h e  a x i s  of t h e  f u r n a c e  t u b e .  Samples  a r e  c o l l e c t e d  and  
r a p i d l y  quenched (> 10,OOO°C/s quench r a t e )  u s i n g  a w a t e r  c o o l e d  probe which i s  
i n s e r t e d  up t h e  a x i s  of t h e  f u r n a c e .  R e a c t i o n  t imes a r e  v a r i e d  by changing t h e  
p o s i t i o n  of t h e  sampl ing  p r o b e  re la t ive  t o  t h e  i n j e c t o r .  The o p e r a t i n g  c o n d i t i o n s  
a t  each  t e m p e r a t u r e  s t u d i e d  a r e  g i v e n  i n  T a b l e  1. 
carrier g a s  and i s  a d j u s t e d  t o  m a i n t a i n  i s o k i n e t i c  sample i n j e c t i o n .  
g a s  i s  n i t r o g e n .  

Helium i s  u s e d  a s  t h e  pr imary  
The secondary 

Weight l o s s  due t o  p y r o l y s i s  was de te rmined  u s i n g  a s h  a s  a t r a c e r .  The proxi -  
mate a n a l y s e s  of  t h e  samples  used  i n  t h i s  work are  p r e s e n t e d  i n  T a b l e  2 .  The c o a l s  
examined were PSOC-1133 a LV c o a l  f rom t h e  Lower K i t t a n i n g  seam i n  Pennsylvania  

25 



TABLE 1. OPERATING CONDITIONS 

O p e r a t i n g  Tempera ture  "C 900 1000 

Coal  Feed Rate g/min 0.5 0.5 

Mean Gas V e l o c i t y  cm/s 

Secondary N2/Primary H e  (Mole B a s i s )  

97 

26.4 
105 

24.2 

TABLE 2. PROXIMATE ANALYSES OF SAMPLES (200x270 mesh f r a c t i o n s )  

Sample M o i s t u r e ,  % Ash, % V o l a t i l e  M a t t e r ,  % F i x e d  Carbon,  % 

PSOC-1099 (Raw Coal )  1 . 6  9 .0  33 .7  56 .7  

PSOC-1099 (1% O 2  added)  0 . 9  12 .6  32 .5  6 4 . 0  

PSOC-1133 (Raw Coal )  0 . 4  16.4 18.5 6 4 . 7  

PSOC-1133 (0.5% O 2  added)  1.1 1 9 . 3  17 .6  6 2 . 0  

PSOC-1133 (1% O 2  added)  1.1 1 9 . 5  1 8 . 2  6 2 . 2  

and PSOC-1099 a HVA c o a l  f rom t h e  P i t t s b u r g h  seam i n  P e n n s y l v a n i a .  A l l  work was con- 
d u c t e d  on 200x270 mesh s i z e  f r a c t i o n s  wi th  mean p a r t i c l e  d i a m e t e r  of 63 um. 

P r e o x i d i z e d  samples  were p r e p a r e d  i n  a f l u i d i z e d  b e d  f u r n a c e .  Samples of s i z e d  
c o a l  (200x270 mesh) were f l u i d i z e d  i n  n i t r o g e n  a n d  b r o u g h t  t o  r e a c t i o n  tempera ture  
(175OC). The f l u i d i z i n g  g a s  w a s  then  swi tched  t o  a i r  and  t h e  samples  were oxid ized  
f o r  v a r i o u s  prede termined  t imes.  O x i d a t i o n  t i m e s  were de termined  based  upon thermo- 
g r a v i m e t r i c  s t u d i e s  of t h e  a i r  o x i d a t i o n  of each  c o a l .  It is  assumed t h a t  o x i d a t i o n  
r a t e s  i n  t h e  thermobalance  and f l u i d i z e d  bed  s y s t e m s  a re  e q u i v a l e n t .  T h i s  assumption 
i s  v a l i d  i f  one  i n s u r e s  t h a t  t h e  O 2  p a r t i a l  p r e s s u r e  i n  each sys tem i s  t h e  same 
and  t h a t  t h e r e  a r e  no  bed d i f f u s i o n  e f f e c t s  i n  t h e  thermobalance  system. Opera t ing  
c o n d i t i o n s  w e r e  s e l e c t e d  t o  m e e t  t h e s e  r e q u i r e m e n t s .  O x i d a t i o n  l e v e l s  r e p o r t e d  
h e r e  are g iven  a s  % w e i g h t  g a i n  on  o x i d a t i o n  ( d r y  c o a l  b a s i s ) .  

RESULTS AND DISCUSSION 

Typica l  w e i g h t  l o s s  v e r s u s  t i m e  c u r v e s  f o r  d e v o l a t i l i z a t i o n  of PSOC-1133 (LV 
c o a l )  a r e  p r e s e n t e d  i n  F i g u r e  1. 
w i t h i n  t h e  f i r s t  100 msec of r e s i d e n c e  t i m e .  The same b e h a v i o r  w a s  observed  f o r  
t h e  HVA c o a l  examined i n  t h i s  s t u d y .  These  r e s u l t s  are i n  good agreement  w i t h  t h a t  
of Badzioch and Hawksley (10) .  I n  s i m i l a r  e x p e r i m e n t a l  sys tems i t  is o f t e n  assumed 
t h a t  p y r o l y s i s  o c c u r s  i s o t h e r m a l l y  (7-10) ,  however, t h i s  assumpt ion  cannot  b e  made 
f o r  t h e  c o a l s  a n a l y z e d  h e r e .  

T h i s  p l o t  shows weight  loss  is  e s s e n t i a l l y  complete 

F i g u r e  1 a l s o  shows t h e  maximum w e i g h t  l o s s  f o r  d e v o l a t i l i z a t i o n  a t  900°C i s  
g r e a t e r  than a t  1000°C. 
( 1 1 , l Z ) .  
v o l v e s  a c o m p e t i t i o n  between bond b r e a k i n g  r e a c t i o n s  (which r e s u l t  i n  v o l a t i l e  f o r -  
mat ion)  and secondary  r e c o m b i n a t i o n  o r  p o l y m e r i z a t i o n  ( c h a r  forming)  r e a c t i o n s ,  

S i m i l a r  o b s e r v a t i o n s  h a v e  been r e p o r t e d  by Menster  e t  a l .  
These a u t h o r s  s u g g e s t  a p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  which in-  

F i g u r e s  2 a n d  3 d e m o n s t r a t e  t h e  e f f e c t s  of p r e o x i d a t i o n  on d e v o l a t i l i z a t i o n  
b e h a v i o r .  O x i d a t i o n  a p p e a r s  t o  h a v e  l i t t l e  e f f e c t  on t h e  rate of p y r o l y s i s ,  how- 
e v e r ,  d e v o l a t i l i z a t i o n  o c c u r s  so  r a p i d l y  t h a t  t h e  t i m e  r e s o l u t i o n  of t h i s  sys tem 
may b e  i n a d e q u a t e  t o  d i s t i n g u i s h  such  e f f e c t s .  P r e o x i d a t i o n  r e d u c e s  t h e  y i e l d  of 
v o l a t i l e  m a t e r i a l  i n  a l l  c a s e s  examined.  T h i s  c o r r e s p o n d s  w i t h  a s h a r p  d e c r e a s e  
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i n  t h e  amount of c o n d e n s i b l e  p r o d u c t s  ( t a r s )  c o l l e c t e d . "  I n c r e a s e s  i n  t h e  l e v e l  
of o x i d a t i o n  p r i o r  t o  p y r o l y s i s  r e s u l t  i n  a p r o g r e s s i v e  r e d u c t i o n  i n  t h e  y i e l d  of  
v o l a t i l e  material. 

I c h a r a c t e r i s t i c  shape .  
t i m e .  F u r t h e r  s tudy  of t h i s  b e h a v i o r  i s  i n  p r o g r e s s .  

' 
D e v o l a t i l i z a t i o n  c u r v e s  f o r  p r e o x i d i z e d  c o a l s  a l l  h a v e  t h e  same 

Weight loss p a s s e s  through a s h a l l o w  minimum w i t h  r e s i d e n c e  

F i g u r e  4 shows a n  e l e c t r o n  micrograph  of PSOC-1133 c h a r  c o l l e c t e d  a f t e r  330 
msec r e s i d e n c e  time a t  1 0 0 0 " ~ .  Coal  s t r u c t u r e  h a s  undergone e x t e n s i v e  p h y s i c a l  
changes d u r i n g  t h e  p y r o l y s i s  p r o c e s s .  
s t r u c t u r e s  commonly c a l l e d  c e n o s p h e r e s  (13) ,  t h e  a v e r a g e  d i a m e t e r  of which is t h r e e  
times t h a t  of t h e  s t a r t i n g  c o a l .  T h i s  r e p r e s e n t s  a > 20 f o l d  i n c r e a s e  i n  volume. 
S i m i l a r  r e s u l t s  a r e  o b t a i n e d  a t  900°C and f o r  PSOC-1099 a t  each  t e m p e r a t u r e  s t u d i e d .  
Under t h e  p y r o l y s i s  c o n d i t i o n s  employed i n  t h i s  work c e n o s p h e r e s  are f u l l y  developed 
d u r i n g  t h e  e a r l y  s t a g e s  of p y r o l y s i s  ( <  40 msec) a f t e r  which no d e t e c t a b l e  changes  
i n  macroscopic  p r o p e r t i e s  a re  observed .  

These  c h a r s  a re  t h i n  w a l l e d  t r a n s p a r e n t  

F i g u r e  5 i s  a micrograph  of  a p r e o x i d i z e d  c o a l  c h a r  (PSOC-1133, 1% oxygen added)  
c o l l e c t e d  a f t e r  330 msec r e s i d e n c e  t i m e  a t  1000°C. These  c h a r s  do n o t  form t h e  
cenosphere  s t r u c t u r e s  e x h i b i t e d  by t h e  u n o x i d i z e d  c o a l s .  Char  p a r t i c l e s  a r e  rounded 
i n  shape  i n d i c a t i n g  t h a t  t h e  c o a l  p a s s e s  through a p l a s t i c  t r a n s i t i o n  d u r i n g  carbon-  
i z a t i o n  b u t  no s i g n i f i c a n t  s w e l l i n g  i s  observed .  

SUPIMARY 

The s h a r p  c o n t r a s t  i n  macroscopic  p r o p e r t i e s  of t h e  c h a r s  c o l l e c t e d  i n  t h i s  
s tudy  g i v e  rise t o  s e v e r a l  i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  c h a r  g a s i f i c a t i o n .  Varying 
h e a t  t r e a t m e n t  c o n d i t i o n s  and coal. f e e d  s t o c k s  g i v e  rise t o  c h a r s  of w i d e l y  v a r y i n g  
s t r u c t u r e .  I n  o r d e r  t o  u n d e r s t a n d  t h e  b e h a v i o r  of t h e s e  m a t e r i a l s  i n  subsequent  
g a s i f i c a t i o n  s t e p s  a more d e t a i l e d  a n a l y s i s  of c h a r  s t r u c t u r e  i s  r e q u i r e d .  A t  p r e s e n t  
m i c r o s t r u c t u r a l  p r o p e r t i e s  ( s u r f a c e  a r e a s ,  p o r o s i t i e s )  of t h e  c h a r s  g e n e r a t e d  i n  
t h i s  s tudy  are b e i n g  examined i n  a n  e f f o r t  t o  b e t t e r  u n d e r s t a n d  t h e  r e l a t i o n s h i p  
between c h a r  s t r u c t u r e  and h e a t  t r e a t m e n t  c o n d i t i o n s .  R e s u l t s  of t h i s  work w i l l  
b e  a v a i l a b l e  s h o r t l y .  
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Figure I .  WEICIiT LOSS AS A FUNCTION OF RESIUESCE TIM€ FOR PSOC-I131 
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F i g u r e  4 .  SCANNING ELECTRON MICROGRAPH OF P S O C - 1 1 3 3  CHAR 
330 m s e c  R e s i d e n c e  T i m e  a t  1 0 0 0 ° C  
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INFLUENCE OF PARTICLE STRUCTURE CHANGES ON THE 
RATE OF COAL CHAR REACTION WITH C02 

K. A .  Debelak, M. A .  C la rk  and J .  T .  M a l i t o  

Department of Chemical Engineer ing 
Vanderbi 1 t U n i v e r s i t y  
Nashv i l l e ,  TN 37235 

I n t r o d u c t i o n  

A coiiunon fea tu re  o f  gas -so l i d  reac t i ons  i s  t h a t  the  o v e r a l l  process i nvo l ves  
severa l  steps: ( 1 )  mass t r a n s f e r  o f  reac tan ts  and produc ts  from b u l k  gas phase 
t o  the i n t e r n a l  sur face  o f  the  r e a c t i n g  s o l i d  p a r t i c l e ;  ( 2 )  d i f f u s i o n  o f  gaseous 
reac tan ts  o r  products through the  pores o f  a s o l i d  reac tan t ;  ( 3 )  adsorp t i on  
of  gaseous reac tan ts  on so l  i d  reac tan t  s i t e s  and deso rp t i on  of  r e a c t i o n  products 
from s o l i d  surfaces; ( 4 )  the  ac tua l  chemical r e a c t i o n  between the  adsorbed 
gas and s o l i d .  

I n  s tudy ing  gas -so l i d  reac tan ts ,  we a re  concerned w i t h  these f o u r  phenomena 
and o ther  phenomena which a f f e c t  t he  o v e r a l l  r a t e  o f  r e a c t i o n  and performance 
of  i n d u s t r i a l  equipment i n  which these gas -so l i d  r e a c t i o n s  a r e  c a r r i e d  ou t .  
These o the r  phenomena inc lude :  
reac tors ,  and changes i n  the  s o l i d  s t r u c t u r e ,  a l l  o f  which a f f e c t  t he  r a t e  of 
d i f f u s i o n  and sur face  area a v a i l a b l e  f o r  reac t i on .  The r e a c t i o n  t o  be s tud ied  
i s  the  r e a c t i o n  between carbon and carbon d iox ide  t o  form carbon monoxide. 
Th is  reac t i on  i s  o f  importance f o r  i t  i s  one o f  the  pr ime reac t i ons  occu r r i ng  
i n  coal  g a s i f i e r s ,  and a l s o  i t  i s  a r e a c t i o n  on which t h e r e  i s  da ta  f rom o the r  
i n v e s t i g a t i o n s  (1-17).  Considerable discrepancy has been found f o r  a c t i v a t i o n  
energies which ranges from 48-86 kcal/mol and f o r  r e a c t i o n  r a t e  constants.  
Th is  can be exp la ined by the  somewhat o v e r s i m p l i f i e d  v iew o f  the  mechanism which 
was thought t o  be r a t e - c o n t r o l l i n g ,  and the  s i m p l i f i c a t i o n  made i n  the  cor res-  
ponding r e a c t i o n  r a t e  models. 

Gulbransen and Andrew ( 2 )  showed t h a t  t he  i n t e r n a l  su r face  area of  g r a p h i t e  
increased du r ing  r e a c t i o n  w i t h  carbon d iox ide  and oxygen, 
s tud ied  g raph i te  rods f o r  the  poss ib le  c o r r e l a t i o n s  e x i s t i n g  between r e a c t i o n  
r a t e s  and changes i n  sur face  area du r ing  reac t i on .  
r e a c t i o n  develops new surface, t o  some ex ten t ,  by e n l a r g i n g  t h e  micropores 
of the  s o l i d  b u t  p r i n c i p a l l y  by opening up pore volume n o t  p rev ious l y  a v a i l a b l e  
t o  reac tan t  gas e i t h e r  because the  c a p i l l a r i e s  were t o o  smal l  o r  because e x i s t -  
i n g  pores were unconnected. Surface area increased up t o  a p o i n t  where r a t e  o f  
p roduc t ion  o f  new su r face  equa l led  the  d e s t r u c t i o n  o f  o l d  sur face ,  a f t e r  which 
surface area then cont inued t o  decrease. 
reac t i on ,  Petersen ( 4 )  found t h a t  observed r a t e s  were n o t  s imp le  func t i ons  o f  
the  t o t a l  a v a i l a b l e  surface area as determined by low-temperature adsorp t ions  
p r i o r  t o  reac t i on ,  as migh t  be expected i f  the  r e a c t i o n  was chemica l - reac t ion  
con t ro l  1 ed. 

heat  t r a n s f e r ,  f l ow  o f  gases and s o l i d s  through 

Walker e t  a l .  (3 )  

They concluded t h a t  t he  

For the  graph i te -carbon d i o x i d e  
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Turkgodan e t  a l .  (18) s tud ied  the  pore  c h a r a c t e r i s t i c s  o f  several  carbons, 
g raph i te ,  coke and cha rcoa l .  They concluded t h d t  about 1/2 o f  t he  volume i s  
l oca ted  i n  micropores and t h e r e f o r e  no t  a v d i l a b l e  fo r  reac t i on ,  Most o f  the 
i n t e r n a l  surface area was loca ted  i n  pores i n  t h e  micropore range. The pore 
vo l  unie, pore surface area, and e f f e c t i v e  d i  f fus i  v i  t y  increased w i t h  conversion 
du r ing  i n t e r n a l  ox ida t i on ,  

Dut ta  and Wen (16, 1 7 )  s tud ied  the  r e a c t i v i t i e s  of several  raw coa ls  and 
chars.  
d i  Fferent conversions from scanning e l e c t r o n  micrographs. 
was proposed t h a t  i nco rpo ra ted  the  change of  the  r e l a t i v e  a v a i l a b l e  sur face  
area dur ing  reac t i on .  No measurements o f  t h i s  change were made. 
expression, which i nc ludes  t h e  i n f l uence  of  a chemical and d i f f u s i o n  r e a c t i o n  
c o n t r o l l i n g  niechanisnis, i s  expressed 

They noted a change i n  t h e  ac tua l  pore s t r u c t u r e s  o f  a few samples a t  
A r a t e  equat ion  

A r a t e  

dX 
1) c =  d t  rl s k c ( l - x c )  

c02 
where: 

X c  i s  the conversion o f  t h e  s o l i d  

S i s  the  sur face  area a v a i l a b l e  fo r  r e a c t i o n  
k i s  the r e a c t i o n  r a t e  cons tan t  
rl i s  the e f fec t i veness  f a c t o r  

t i s  t ime 

i s  the  concen t ra t i on  of  C02 i n  gas phase cco2 

The e f fec t i veness  f a c t o r  n i s  equal  t o  t h e  r a t i o  of  the  r e a c t i o n  r a t e  under 
d i f f u s i o n - c o n t r o l l e d  cond i t i ons  t o  t h a t  which would occur i f  the  concent ra t ion  
of  reac tan ts  were equal t o  t h e  su r face  concent ra t ion .  For  a f i r s t  o rde r  d i f f u -  
s ion -con t ro l l ed  r e a c t i o n  the  i n f l uence  of  po re -d i f f us ion  i s  g iven  by equat ion  2) 

where : 

S i s  t h e  s p e c i f i c  sur face  
k i s  t he  r e a c t i o n  r a t e  cons tan t  

rc i s  t h e  rad ius  of  t h e  p a r t i c l e  

De i s  t h e  e f f e c t i v e  d i f f u s i v i t y  

The e f fec t i veness  f a c t o r  n i s  a func t i on  o f  the  e f fec t i ve  modulus, $, which 
i s  dependent upon t h e  e f f e c t i v e  d i f f u s i v i t y ,  D . The e f f e c t i v e  d i f f u s i v i t y  
and t h e  surface area a v a i l a b l e  f o r  r e a c t i o n  chgnge du r ing  the  reac t i on ,  
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I 

1 
This itidy be expressed as 

s = so f iXC)  

De = D h (X,) 
en 

4 )  

5 )  

where So and De 
a t  zero convers?on, and f (Xc )  and h(Xc) a re  func t i ons  o f  conversion, X c .  
de te r i l l i na t ion  o f  these changing parameters and t h e i r  i n f l u e n c e  on the  
o v e r a l l  r e a c t i o n  r a t e  i s  the  o b j e c t i v e  o f  t h i s  research. 

a r e  the  a v a i l a b l e  sur face  area and e f f e c t i v e  d i f f u s i v i t y  
The 

E f f e c t i v e  D i f f u s i  v i  t y  

I .  Theore t ica l  Development o f  Model 

Experiinental de termina t ion  o f  t he  e f f e c t i v e  d i f f u s i v i t y  i n  coa l  i s  performed 
i n  a packed bed o f  coal  p a r t i c l e s  w i t h  a c a r r i e r  gas f l o w i n g  through the  
bed. A pu lse  i n  the  concen t ra t i on  o f  t he  adsorbate gas i s  i n t roduced  
a t  the i n l e t  o f  the  packed bed. The mass t r a n s f e r  c h a r a c t e r i s t i c s  o f  
the  bed change the  shape o f  t he  pulse as i t  passes through t h e  bed. 
t h e o r e t i c a l  model desc r ib ing  the  mass t r a n s f e r  i n  t h e  bed i s  used t o  
r e l a t e  the  unsteady s t a t e  concent ra t ion  response i n  t h e  bed e f f l u e n t  t o  
the  o r i g i n a l  pu l se  i n p u t .  By app ly ing  the  model t o  the  exper imental  da ta ,  
the  parameters of the  model a re  determined. The model desc r ib ing  t h e  mass 
t r a n s f e r  i n  t h e  packed bed cons is t s  o f  unsteady s t a t e  m a t e r i a l  balances 
i n  the  packed bed and the  coal  p a r t i c l e s .  Equations (6-14) descr ibe  t h e  
mass t r a n s f e r  i n  the  packed bed o f  p a r t i c l e s  and the  boundary cond i t i ons .  

Ma te r ia l  balance on coal  p a r t i c l e  

A 

Relati.on between adsorbed concen t ra t i on  and concen t ra t i on  o f  sur face  

Boundary condi  t 

q ( r c ,  t )  = KcC ( r c .  t )  

ons 

3 (0, t )  = 0 
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Mate r id l  balance on packed bed 

r) 

Boundary cond i t i ons  

11. S o l u t i o n  o f  the Model 

Three a l t e r n a t i v e  techniques f o r  s o l u t i o n  and subsequent parameter 
es t ima t ion  from the  model a r e  curve f i t t i n g  i n  the  t ime domain, curve 
f i t t i n g  i n  the  Laplace o r  F o u r i e r  domain, and the  method o f  moments. 
Moments o f  the response curve  r e s u l t i n g  from a pu lse  i n p u t  can be solved 
a n a l y t i c a l l y  f o r  t he  s o l u t i o n  t o  the  model i n  t h e  Laplace domain. Para- 
meter e s t i m a t i o n  i s  achieved by matching the  measured moments w i t h  t h e  
a n a l y t i c a l  expression f o r  t he  moments. The method o f  moments was used i n  
t h i s  work because i t  does n o t  r e q u i r e  a numerical  s o l u t i o n  t o  the  model and 
because parameters es t ima t ion  can be performed i n  the  t ime  domain. 
Laplace t rans form i s  app l i ed  t o  t h e  t ime v a r i a b l e  i n  t h e  equat ions and 
boundary cond i t i ons  o f  t he  model. 
equat ions i s  ob ta ined a f t e r  a p p l y i n g  t h i s  t rans form.  A theorem r e l a t i n g  
the  t ransformed s o l u t i o n  t o  the  abso lu te  and c e n t r a l  moments o f  t ime 
domain s o l u t i o n  i s  

The 

A system o f  coupled o r d i n a r y  d i f f e r e n t i a l  

dn - M, = ( -1 ) ”  l i m  - c ( s ,  z )  
SO dsn 

The nth abso lu te  moment 

M =  n 

i s  de f i ned  as: 

8 - Mn 

MO 
lq - - 

0” 
The nth c e n t r a l  moment i s  de f i ned  by :  

App ly ing  equat ion 15) t o  the  t rans formed s o l u t i o n  o f  t he  model r e s u l t s  
i n  the  f o l l o w i n g  equat ions  f o r  t h e  f i r s t  abso lu te  and second c e n t r a l  moments: 
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I 19) 

These two equat ions r e l a t e  the model parameters t o  the  moments which can 
be ca l cu la ted  from experimental da ta .  

Experi!!iental 

WYODAK subbituminous coal ,  p a r t i c l e  s i z e  35 x 60, was used i n  the  
experimental s tudy .  The exper imental  system cons is ted  o f  a pu lse  reac to r ,  
Figure 1, a f low type BET apparatus, F igure  2, and t h e  chromatographic 
apparatus, F igure  3 .  Th is  al lowed de terminat ions  o f  surface area and 
e f fec t i ve  d i f f u s i v i t y  t o  be made i n  con junc t i on  w i t h  r e a c t i o n  s tud ies  
w i thou t  removing the  sample. 

Measurements o f  sur face  area and e f f e c t i v e  d i f f u s i v i  t y  were made on raw 
coa ls .  Surface area measurements were made by adsorbing carbon d i o x i d e  
a t  195 K f o r  30 minutes. The s i n g l e  p o i n t  BET method was used f o r  evalua- 
t i o n  o f  the  sur face  area. The raw coa ls  were d e v o l a t i l i z e d  by hea t ing  a t  
SoC/min t o  a temperature o f  8OO0C t o  produce a coa l  char.  Changes i n  sur -  
face area and e f f e c t i v e  d i f f u s i v i t y  were again detprmined. The coal  char 
was then p a r t i a l l y  reac ted  a t  a temperature of 800 C by i n j e c t i n g  a known 
volume o f  carbon d iox ide .  Changes i n  surface area and e f f e c t i v e  d i f f u s i -  
v i t y  were again determined. 
s i o n  o f  the  carbon i n  the  coal approached 1.0. 

Th is  procedure was repeated u n t i l  t h e  conver- 

Resul ts and Discussion 

The d e v o l a t i l i z a t i o n  caused s t r u c t u r a l  changes which a re  r e f l e c t e d  i n  an 
average weight l o s s  o f  41% o f  t he  i n i t i a l  weight,  a decrease i n  the  d i f f u -  
s i o n  coe f f i c i en t ,  and an increase i n  t o t a l  surface area. Table 1 g i ves  
these changes f o r  t h ree  WYOOAK samples. The increase i n  sur face  area repre-  
sents the  opening o f  pores which were n o t  access ib le  be fore  d e v o l a t i l i z a t i o n .  
Walls c l o s i n g  of f  pores a re  d e v o l a t i l i z e d  and smal l  pores i naccess ib le  t o  
the  i n i t i a l  CO adso rp t i on  are en la rged because o f  t h e  e v o l u t i o n  o f  v o l a t i l e  
ma te r ia l  du r in5  the  heat ing ,  
tance t o  d i f f us ion ,  seen as a decrease i n  the  d i f f u s i o n  c o e f f i c i e n t .  The 
smal l  pores and enlarged pore fo rm a more complex network o f  vo ids  w i t h i n  
the  p a r t i c l e s .  
increase i n  t o t a l  a v a i l a b l e  surface area and a decrease i n  t h e  d i f f u s i o n  
coe f  f i c i  en t  . 
The heterogeneous chemical r e a c t i o n  causes cont inuous changes i n  the  pore 
s t ruc tu re  due t o  the  consumption of  carbon. 
s lowly  as the  r e a c t i o n  cont inues toward complet ton. 
changing i n t e r n a l  s t r u c t u r e  a f f e c t s  t h e  d i f f u s i o n  o f  gaseous reac tan ts  
and products t o  and from the a c t i v e  carbon s i t e s  w i t h i n  the  p a r t i c l e .  

Th is  new pore s t r u c t u r e  has a g rea te r  r e s i s -  

The produc t ion  of  char by d e v o l a t i l i z a t i o n  causes an 

Pore w a l l s  a re  being g a s i f i e d  
The c o n t i n u a l l y  
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! These phenomena iiiay be descr ibed by examining F igure  4 which i s  a p l o t  
o f  the d i f f u s i o n  c o e f f i c i e n t  da ta  f o r  the th ree  WYODAK samples measured 
a t  var ious carbon conversions, The d i f f u s i o n  c o e f f i c i e n t  increases s low ly  
a t  low conversion and i s  soinewhdt s t a b l e  du r ing  t h e  mid-range o f  conversion, 
bu t  increases very q u i c k l y  as the  r e a c t i o n  nears complet ion.  Overa l l  the  

can be c o r r e l a t e d  by 
d i f f u s i o n  c o e f f i c i e n t  increases as carbon conversion inreases. These data ( 

21 1 - D C  = (0.06) exp (1 .7  . Xc)  
r 

C 

which gave an index o f  de te rm ina t ion  o f  0.88. Phys i ca l l y ,  the pore 
s t r u c t u r e  a f t e r  d e v o l a t i l i z a t i o n  cons is t s  o f  a smal l  amount o f  vo id ,  charac- 
t e r i s t i c  o f  t h e  low d i f f u s i o n  c o e f f i c i e n t  which means t h a t  the  res i s tance  t o  
d i f f u s i o n  i s  s u b s t a n t i a l .  Dur ing  r e a c t i o n  these pores g radua l l y  en la rge  due 
t o  g a s i f i c a t i o n  o f  the  carbon. There fore  as conversion increases the  pore 
volume o r  vo id  increases r e s u l t i n g  i n  l ess  res i s tance  t o  d i f f u s i o n ,  which 
i s  r e f l e c t e d  by the inc rease i n  t h e  d i f f u s i o n  c o e f f i c i e n t .  

The CD2-char r e a c t i o n  occurs a t  a c t i v e  carbon s i t e s  upon the  coal  char 
surface. Thus the  consumption o f  the reac tan t  carbon w i l l  a f f e c t  the  t o t a l  
surface area. The t o t a l  sur face  area decreases f o r  these WYODAK samples 
as the carbon conversion inc reases ,  Figure 5.  A s  conversion goes toward 
completion, pore w a l l s  which a r e  measured as sur face  area a re  g a s i f i e d  
o r  consumed by the  r e a c t i o n  causing a decrease i n  t o t a l  sur face  area. 

Figure 5 shows the  s p e c i f i c  sur face  area versus the  carbon conversion. 
The s p e c i f i c  surface area f i r s t  goes through a minimum a t  low carbon con- 
versions and then a maximum as carbon conversion goes toward complet ion.  
Mahajan and Walker (19) p red ic ted  the  maximum i n  t h e i r  q u a l i t a t i v e  descr ip -  
t i o n  o f  the  r e a c t i o n  process. Du t ta  and Wen (16) found t h a t  t he  r e a c t i o n  
r a t e  reaches amaximum a t  a carbon convers ion  o f  approximately 0.2 f o r  reac- 
t i o n s  c a r r i e d  ou t  a t  low temperatures.  I n  an a t tempt  t o  c o r r e l a t e  t h i s  data 
they  assumed a r e a c t i o n  r a t e  model, Equat ion 1 ) .  f o r  the  chemical c o n t r o l l e d  
regime. They i nco rpo ra ted  i n t o  t h e  model a proposed f u n c t i o n  o f  conversion 
which descr ibes changes i n  sur face  area. 

a = 1 2 100 x"," exp (-Bx,-) 

where a equals the  s p e c i f i c  sur face  area d i v i d e d  by the  i n i t i a l  s p e c i f i c  
surface area. 
da ta  the parameters o f  t he  proposed func t i on  were es t imated  by Dut ta  and 
Wen (16 ) .  Th is  f u n c t i o n  desc r ib ing  changes i n  s p e c i f i c  sur face  area 
e x h i b i t s  a maximum a t  approx imate ly  the  same conversion as our  da ta .  
A t  low temperatures where r e a c t i o n  r a t e  i s  predominant ly chemica l l y  
c o n t r o l l e d ,  the  maximum i n  t h e  r e a c t i o n  r a t e  vs. convers ion  data can be 

F i t t i n g  the model t o  the  r e a c t i o n  r a t e  versus conversion 
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explained by the fac t  t h a t  the s p e c i f i c  sur face  f o r  chemical r e a c t i o n  
a lso  goes through a maximum and t h i s  behav io r  o f  the s p e c i f i c  area has 
been exper imenta l l y  confirmed. 
p red ic t s  e i t h e r  a maximum o r  minimum f o r  the va lue  o f  a, b u t  no t  bo th .  
I n  a recent paper Bhat ia  and Per lmuter ( 2 0 ) ,  us ing  a random pore model 
have der ived  an expression f o r  surface area as a f u n c t i o n  of  converslon 

The problem w i t h  equat ion  22) i s  t h a t  i t  

where L , S and E are the i n i t i a l  t o t a l  pore l eng th ,  surface area 
t o  volu8e r s t i o ,  a8d p o r o s i t y  respec t i ve l y .  
our data p r e d i c t i n g  bo th  a minimum and maximum i n  values o f  s p e c i f i c  
surface area, F igure  6.  

This equat ion  c o r r e l a t e s  
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AN ENTRAINED FLOW REACTOR WITH IN SITU FTIR ANALYSIS* 

Peter R. Solomon and David G. Hamblen 

Advanced Fuel Research, Inc. 87 Church St., East Hartford, CT 06108 

\ INTRODUCTION 
I 

A key element in predicting coal gasification behavior is pyrolysis. 
initial step in gasification, the step which controls the amount and physical 
Structure of the char and the step which is most dependent on the properties of the 
coal. Recent reviews of coal pyrolysis (1,2,3) conclude that the pyrolysis product 
distribution and apparent kinetic rates vary widely with the experimental 
measurement. It is clear that to establish a true predictive capability additional 
work is needed to understand pyrolysis reactions and define usable rates. 

Among the experiments which have been useful in investigating pyrolysis have been 
the captive sample heated grid devices which have achieved good mass and elemental 
balances and have provided data on individual species evolution (4-16). However, 
the heating of the coal is slower than in practical devices so that the kinetic data 
is of limited value. 

This is the 

\ 

I 

/ 

Entrained flow reactors which provide more realistic particle heating have been 
employed to study pyrolysis weight loss but have not provided much species evolution 
data (17-23). 
with optical access (24, 25). These reactors employ flat flame burners into which 
coal may be injected. 

This paper reports on a new apparatus which has been designed to combine the 
advantages of the reactors described above. The new reactor: 1) injects coal into a 
preheated gas stream in a hot furnace to provide rapid particle heating, 2) provides 
for optical access, 3 )  employs an FTIR for species concentration measurements, both 
in-situ and in an external cell and 4 )  has provisions for obtaining mass balances. 
The reactor will be used in a program to study pyrolysis and secondary reactions of 
interest in gasification. The results will be used to test the conclusions of a 
previously developed pyrolysis model (11-15, 26-29) and fill in needed kinetic data. 
The paper describes the reactor, reports preliminary results obtained with four 
coals at furnace temperatures from 700°C to 1200°C and assesses how these results 
compare to data obtained in other experiments. 

New visual data on pyrolysis behavior have been obtained in reactors 

EXPERIMENTAL 

The reactor has been designed to study coal behavior under conditions of temperature 
and heating rate encountered in an entrained flow gasifier. The schematic of the 
experiment is presented in Fig. 1. A gas stream of predetermined composition is 
heated during transit through a bed of alumina chips maintained at furnace 
temperature. 
stream through an infrared cell). 
maintained at the furnace temperature, where coal is introduced through a water 
cooled injector. The coal is fed using a modification of a MIT entrainment system 
(30). 
bed, is slowly lowered as the entrainment gas (injected above the bed) exits through 
the tube. When the tube feeder entrance is at the level of the bed, coal is 
entrained in the gas and enters the tube. 
by the rate at which the tube is lowered. 

* This program was initiated under EPRI contract #RP 1654-8. 
scope is currently being expanded under contract #DE AC01-81FE05122 from the 
US Department of Energy. 

(Prior to heating, the gas composition can be analyzed by routing the 
The gas stream then enters a test section, 

In the modified system, the feeder tube, which extends up through the coal 

The rate for coal feeding is controlled 

The program 
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After a variable residence time, the reacting stream passes optical access ports and 

optical access ports, two of which are presently employed for the FTIR beam. The 
other three ports are available for additional diagnostics. The quenched stream of I 
char, tar and gases enters a cyclone designed to separate particles larger than 4 
microns (31) and then enters a series of filters to remove and sample the tar and ( 

/ 
provides a longer path length for higher sensitivity analysis. The particle 
residence time can be varied from 0 to 700 msec and the furnace has been designed to 
operate up to 1650’C. 

The FTIR can quantitatively determine many gas species observed in coal pyrolysis 

SO2, COS, CS ani heavy paraffins an% olefins. C$Et’i:ikment can take spectra 
every 80 msec to follow rapid changes in the reactor or co-add spectra for long 
periods of steady state flow to increase signal to noise. FTIR is well suited to 
in-situ furnace experiments since the FTIR system operates by coding the infrared 
source with an amplitude modulation which is unique to each infrared frequency. The 
detector is sensitive to the modulated radiation so that unmodulated stray radiation 
is eliminated from the experiment. 

In the work described below, experiments were run for the four coals listed in 
Table 1. The coals were sieved to produce a -200, +325 mesh size cut. The coal was 
fed at 2.4 grams/min. Helium was used for both the preheated gas and the 
entrainment gas. 
depending on temperature to provide a gas velocity of 1 m/sec within the furnace. 
The entrainment gas was fed at 1.2 l/min. Infrared spectra were obtained with a 
Nicolet model 7199 FTIR using a globar source and a mercury-cadmium telluride 
detector. For obtaining the spectra within the furnace and within the cell, 100 
scans at 0.5 wavenumber resolutions were accumulated in 140 seconds and transformed 
in under 2 minutes. 

1 
immediately downstream is quenched in a water cooled collector. There are five ? 

soot. The clean gas stream then enters the room temperature FTIR cell which 

I 

including CO, CO , H20, CH4, CZH2, C H4, C2H6, C4H8s C6H6, NH3, HCN, 
2 

The preheated gas was fed at rates between 40 and 25 l/min 

TABLE I 

COALS USED IN THE ENTRAINED FLOW REACTOR STUDY 

COAL TYPE UT% (DAF) 

c H N S 0 ASH (Dry) 

Savage Montana Lignite 71.2 4.6 1.1 1.3 21.8 10.6 

Jacobs Ranch Wyom. Scbbituminous 74.3 5.2 1.1 .6 18.8 7.8 

Illinois P6 Bituminous 73.9 5.1 1.4 4.2 15.4 11.0 

Pittsburgh 18 Bituminous 83.5 5.5 1.6 3.3 6.1 9.2 

Gas Analysis in the Furnace 

Figure 2 shows the in-situ gas analysis. 
drastic effects from the particle scattering. 
injector at positions from 5 to 66 cm above the optical port. 
easily be seen are CO, C02, H20, CH , C2H2, C H 
species could be observed through tke use of to4;ware signal enhancement techniques 
which can be used to detect species whose absorption lines are smaller than the 
noise (32). These techniques consider all of the absorption lines for a species, 
rather than a single line. 

There is an acceptable noise level and no 
The analyses are for the coal 

The species which can 
and heavy paraffins. Additional 
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FTIR spectra obtained directly within the hot furnace allows the observation of 
heavy products such as tar which don't appear in the gas phase at room temperature 
and provide a means to determine whether reactions occur during the quenching and 
sampling of the gas stream. The in-situ observation also permits gas temperatures 
to be measured as described below. 

' 

\ 
' Temperature Measurements by FTIR 

It appears possible to use the ratios of lines from a given species to determine gas 
temperatures in the furnace. As the temperature of a gas changes, the populations 
in its higher energy levels increases. 
generally means that more absorption lines are visible. The effect is illustrated 
in Fig. 3 which compares CO spectra at a number of temperatures. 
clearly shifted from the central lines toward the wings as the temperature 
increases. 
temperature are clearly visible at the higher temperatures. The ratio of these 
lines to the lines at the center of the distribution can be used to determine 
temperature. 

In terms of its absorption spectrum, this ' 
The energy is 

Lines at 2250 and 2000 cm-l which are too small to be observed at room 

Gas Analysis in a Cell 
m 

Figure 4 shows the gas analysis from the room temperature cell. This cell was 
filled with the effluent gas stream from the furnace after passing through the 
cyclone and filter. 
length is about 12 times longer than in the furnace. 
pyrolysis gases from Jacobs Ranch coal injected at 66 cm above the optical port at 
furnace temperatures of 800 and 1200°C. Important differences in the product mix at 
these two temperatures cap be observed. 
between 3500 and 2800 cm- . 
is less methane and little HCN or C H 
paraffins (indicated by the broad bzczground). 
the cracking of paraffins to form olefins, acetylene and soot which has been 
discussed previously (12,14). 
and CO. The CO increases by 50% but the CO increases by a factor of 3 in going from 
800'C to 1200"6. 
production of C02 and high temperature production of CO (11-15). 
CO and CO may be related to the early disappearance of carboxyl groups and the 
regention of ether lingages observed in the infrared spectra of chars discussed 
below. The region betwe n 1800 and 1200 cm- shows water and methane. The region 
between 1200 and 500 cm-e shows olefins, acetylene, HCN and C02. The ethylene and 
heavier olefins are lower and acetylene is higher at the higher temperature 
(consistent with cracking of olefins to form acetylene and soot). 

A comparison of the pyrolysis gas composition from different coals is presented in 
Fig. 5. 
temperature of 800'C. 
been discussed previously (11-15). 
functional groups, produce pyrolysis gases which are high in the oxygen containing 
species, CO, C02 and H 0. 
functional groups, yiefd higher concentrations of hydrocarbons. 

Data of the kind illustrated above were collected at several reaction distances at 
800'C . 
On a normalized basis, however, these curves were similar for the various coals even 
though the concentration varied from coal to coal. This result is also in agreement 
with earlier work (11-15). 

The cell provides higher sensitivity detection because the path 
The spectra compare the 

The top pair of spectra show the region 
At 800°C there 

but significant amounts 04 ethane and heavy At 1200°C there is HCN, C2H2 and CH . 
This observation is consistent with 

2 
This is consistent with previous observations of low temperature 

The evolution of 

The region between 2600 and 1900 cm-' shows the CO 

The coals were all injected at 66  cm above the optical window at a furnace 
The spectra show the kind of variation with rank which has 

The low rank coals, which are high in the oxygen 

The higher rank coals, which are higher in aliphatic 

Curves of concentration vs reaction distance differed among the species. 
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Changes in Char Chemistry 

The infrared spectra of chars provide a convenient means of monitoring the chemical 
changes occurring during the pyrolysis process. 
concentration can be correlated with the appearance of gas species to determine the 
sources for the species. 
800°C are shown in Fig. 6. The techniques for preparing, drying and making 
scattering corrections hav 
groups (peak near 2900 
observed to decrease with reaction distance. 
between 3500 and 2500 cm-1) also decrease although not as rapidly. As the residence 
dis ance (and time) is increased, the char aromatic hydrogen peaks near 800 an? 3100 
cm-' are observed to increase. The 0-C bond concentration (peak near 1200 cm- ) 
shows little change. These changes in the functional group concentrations during 
pyrolysis are in agreement with results from earlier experiments (14, 15, 21). 
changes in char chemistry will be correlated with evolution of gas species and 
compared with the pyrolysis model predictions. 

Conclusions 

Preliminary results have been obtained in a newly constructed Entrained Flow reactor 
with on-line in-situ analysis by FTIR. These results indicate that: 

1. 
and heavy paraffins can be routinely made in a hot furnace with an FTIR. 

2. Gas temperature measurements appear feasible using ratios of CO lines. 

3 .  On-line gas analysis in an external gas cell is also extremely effective, 

Several observations which have previously been reported for other pyrolysis 
experiments appear to be supported by the preliminary data. These are: 

1. Gas kinetics appear to be relatively insensitive to coal rank. 

2. The gas composition varies sytematically with the functional group composition 
of the coal. 

3 .  There is temperature dependent cracking of paraffins to form olefins and 
acetylene and olefins to form acetylene. 

4. Functional groups in the chars disappear in the following order: First 
aliphatics, then hydroxyl, and then aromatic hydrogen and ether linkages. The 
present results show that carboxyl groups also disappear quickly. 
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The changes in functional group 

FTIR spectra of chars from pyrolyzing Jacobs Ranch Coal at 

been discussed previously ( 1 3 ,  3 3 ) .  The ali hatic 
and carboxyl groups (shoulder near 1650 cm *) are 

The hydroxyl groups (broad peak 

The 

Gas concentration measurements for CO, C02, water, methane, acetylene, ethylene 
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Figure 1 .  Entrained F l o w  R e a c t o r .  

47 



I 

0s-a 0 0 - a  OS'S 00-E os -2  00-2 02.1 
33NtJEItlUSBtl 

00'1 os- 

i 
..I 

00' N 



OS'I 00' 

0 
13 
ID 
N 

0 13 

N 
m 

0 
D 
0 m 

0 

m 
E 

0 
0 m 
m 

0 
0 
3 u 

0 
0 

m 

2 

0 

0 
0 a 

l---k-- 

OO'E 00' 

0 

0 
0 : i 
D, 
0 

N 

0 
0 
N 
N ~i 0 
0 m 
N 

3 
3 
9 
N 

-. 

0 0 

OS'I 00' OS'I 00' - 
33NYBtlOSBtl 

49 



COAL PYROLYSIS AT H I G H  TEMPERATURES AND PRESSURES 

S. S. Tamhankar, J. T. S e a r s  and C. Y. Wen 

Dept. of Chemical Engineering, West V i r g i n i a  U n i v e r s i t y ,  Morgantown, W.Va. 26506 

I 
INTRODUCTION 

In coal conversion p r o c e s s e s ,  such as combustion or high-temperature gas i f ica-  
t i o n ,  t h e  e x t e n t  of  p y r o l y s i s  i s  a n  impor tan t  parameter which is a f f e c t e d  by tem- 
pera ture .  Increas ing  amounts of  c o a l  conver ted  d i r e c t l y  t o  gaseous s p e c i e s  would 
reduce t h e  remaining m a t e r i a l  which  must b e  conver ted  by the r e l a t i v e l y  slow char- 
gas  r e a c t i o n s .  S tudies  on t h i s  a s p e c t ,  p a r t i c u l a r l y  a t  p r e s s u r e  and h igh  tempera- 
t u r e s ,  are scarce .  

ASTM s tandard  methods o b t a i n  t h e  amount of c o a l  converted t o  v o l a t i l e  mat ter  
a t  low temperatures,  slow h e a t i n g  rates and long exposure t i m e s .  Other  procedures 
have genera l ly  used e i t h e r  d i r e c t  e l e c t r i c - r e s i s t a n c e  h e a t i n g  (1, 2) o r  a laminar- 
flow furnace (3 ,  4 ,  5, 6 )  t o  o b t a i n  h igh  h e a t i n g  rates and h igh  temperatures.  

Menster e t  a l .  (1) and Kobayashi e t  a t .  (6 )  have i n d i c a t e d  t h a t  t h e  maximum 
temperature a f f e c t s  t h e  e x t e n t  o f  p y r o l y s i s ,  w i t h  an apparent  p l a t e a u  or a peak i n  
t h e  weight loss  curve a t  900-llOO°C, followed by  an i n c r e a s e  i n  t h e  e x t e n t  of 
p y r o l y s i s .  Scaroni ,  e t  a l .  ( 7 )  s u g g e s t  t h a t  there is  no d i r e c t  h e a t i n g  r a t e  e f f e c t  
on  the L.- o-nt of  p y r o l y s i s ,  b u t  r a t h e r  t h e  preponderance of secondary char-forming 
r e a c t i o n s  o f  t h e  p r i m a r y v o l a t i l e s  may y i e l d  an apparent  h e a t i n g  r a t e  e f f e c t  a s  w e l l  
as a sample-weight e f f e c t .  There is  evidence  t h a t  t h e  char  formed by r a p i d  hea t ing  
at  h igh  temperature: i s  very  r e a c t i v e  ( 3 ,  8) .  
temperatures > 1000 C has  been  a t  1 a t m  p r e s s u r e .  

the examination of p y r o l y s i s  a t  h i g h  temperatures (800-16OO0C), p r e s s u r e s  (1-15 atm) 
and in var ious  r e a c t i n g  and n o n r e a c t i n g  gases .  

The previous  work on p y r o l y s i s  a t  

To h e l p  f i l l  i n  the d a t a  gaps ,  t h e  p r e s e n t  work h a s  t h e r e f o r e  been focused on 

EXPERIMENTAL 

A new des ign  o f  a HPHT (h igh  p r e s s u r e ,  h igh  temperature) TGA was u t i l i z e d  i n  
th i s  research .  The d e t a i l s  o f  t h e  des ign  and i ts  performance have been d iscussed  
elsewhere (9) .  
chambers. The chambers are des igned  f o r  1200 p s i ,  al though suppor t ing  i n l e t  l i n e s  
l i m i t e d  t h e  o p e r a t i n g  p r e s s u r e  t o  450 p s i .  The small Grayloc f l a n g e  w a s  used as a 
p o r t  t o  in t roduce  samples i n t o  t h e  TGA. By r a i s i n g  t h e  t o p  chamber, a t t a c h i n g  the  
sample, then lowering t h e  chamber and s e c u r i n g  t h e  f l a n g e ,  a cumbersome, l e a k y  por t  
is  avoided. A rugged e l e c t r o b a l a n c e  w i t h  a continuous weighing system, d r i v e n  by an 
e l e c t r i c  motor, i s  employed t o  lower  t h e  samples i n t o  t h e  h o t  zone f o r  weight-loss 
d a t a .  The h e a t i n g  system is a y t t r i u m - s t a b i l i z e d  ceramic "Kanthal" h e a t i n g  element. 
These elements a r e  capable o f  1 8 O O 0 C  s u r f a c e  tempera ture ,  and work b e s t  i n  oxid iz ing  
gases .  Temperatures were monitored throughout by Pt-Rh/Pt thermocouples. Steam can 
b e  introduced v i a  a s e p a r a t e  s t a i n l e s s  s t e e l  flow system from gas l i n e s ,  and conden- 
s a t i o n  was  avoided by main ta in ing  t h e  e n t i r e  lower chamber a t  e l e v a t e d  temperatures .  

This design has c a p a b i l i t y  f o r  q u i c k l y  b r i n g i n g  t h e  sample from a c o l d  zone 
i n t o  t h e  h o t  zone i n  less than  5 seconds ,  t a k i n g  subsequent weight-loss d a t a ,  and 
then removing t h e  sample a s  q u i c k l y .  The tempera tures  a t  var ious  p o i n t s  i n  t h e  
system were c a l i b r a t e d  a t  each r e a c t o r  temperature and pressure .  The temperature 
p r o f i l e  i s  such t h a t  t h e  h e a t i n g  of the  sample i n  t h e  pyrolyzing-temperature reg ion  
was achieved a t  a rate of 500-1500°K/sec depending on t h e  r e a c t i o n  zone temperature .  
There is provis ion f o r  s e v e r a l  p o r t s  f o r  gas i n p u t .  

The system is  d e p i c t e d  i n  F igure  1, which mainly c o n s i s t s  of two 

P y r o l y s i s ,  e x t e r n a l  gas- 
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d i f f u s i o n  l i m i t a t i o n s ,  and char  k i n e t i c  r e a c t i v i t y  were analyzed from t h e  weight- 
l o s s  d a t a  by both varying t i m e  i n  t h e  r e a c t i o n  zone and gas  flow r a t e .  

The coa ls  s tud ied  inc luded  l i g n i t e  (PSOC-246), bituminous (PSOC-309) and 
subbituminous (PSOC-240) samples. Samples of 50-100 mg were weighed, loaded and 
lowered i n  the sample  ho lder  i n t o  t h e  hea ted  chamber as descr ibed .  
platinum-mesh folded screen  (52 mesh) a s  t h e  sample holder .  For some s t u d i e s  on 
p a r t i c l e  s i z e ,  t h e  sample  h o l d e r  was a disked plat inum f o i l .  
on pyro lys i s  and g a s i f i c a t i o n  us ing  t h e  two d i f f e r e n t  sample h o l d e r s  matched very 
w e l l ,  i n d i c a t i n g  no e f f e c t  o f  sample h o l d e r  geometry. 

The coa l  p a r t i c l e  s i z e s  used were 35-48,,48-60, 60-80, and 80-100 mesh 

Most runs  used a 

The r e s u l t s  ob ta ined  

(2 
g&, carbon dioxide,  nitrogen-steam. 
gas  fol lowing pyro lys i s  were run a t  800-16OO0C, 1-15 atm. 

RESULTS AND DISCUSSION 

= 358, 273, 213 and 163 pm, r e s p e c t i v e l y ) .  The gaseous environments were n i t r o -  
P y r o l y s i s  and subsequent  i n - s i t u  r e a c t i o n  w i t h  

Typical  weight-loss d a t a  obta ined  at  1200°C i n  both  n i t r o g e n  and n i t rogen-  
steam f o r  the  l i g n i t e  c o a l  are shown i n  Figure 2. 
percent  pyro lys i s  in t h e  i n e r t  n i t r o g e n  i s  s t r a i g h t f o r w a r d ,  whi le  i n  a r e a c t i n g  
environment i t  is obscured by t h e  r a p i d  chemical r e a c t i o n s  of t h e  v o l a t i l e s  and char .  
I f  t h e  break i n  the  curve is i d e n t i f i e d  by e x t r a p o l a t i n g  t h e  primary p y r o l y s i s  and 
r e a c t i o n  curve por t ions ,  r e s p e c t i v e l y  (p)  and ( r ) ,  t h i s  weight- loss  can be  c a l l e d  
t h e  apparent  pyro lys i s ;  and t h e  apparent  percent  p y r o l y s i s  determined. The va lues  
thus obtained f o r  the apparent  percent  p y r o l y s i s  as w e l l  as t h e  p y r o l y s i s  time were  
found cons is ten t  and reproducib le  under a given set  of c o n d i t i o n s ,  as confirmed by 
repeated runs.  It may b e  n o t i c e d  from Figure 2 t h a t  t h e  u l t i m a t e  p y r o l y s i s  i n  
n i t rogen  is g r e a t e r  than t h e  apparent  p y r o l y s i s  i n  t h e  r e a c t i n g  gas ,  whi le  i n  t h e  
same time period the a w u n t  pyrolyzed i s  more o r  less t h e  same i n  t h e  two cases. 

Note t h a t  t h e  de te rmina t ion  o f  

In Figure 3 a r e  presented  t h e  apparent  percent  p y r o l y s i s  of l i g n i t e  as a 
funct ion  of temperature f o r  d i f f e r e n t  gases .  
p y r o l y s i s  i n  C02 and N2-H20 is less than t h a t  i n  n i t r o g e n ,  i n  agreement w i t h  t h e  
above d iscuss ion .  

Note t h a t  t h e  apparent  percent  

There i s  a p la teau  i n  t h e  curve of percent  apparent  p y r o l y s i s  ( d e v o l a t i l i z a -  
This  type of phenomena can be t i o n )  versus  temperature i n  t h e  reg ion  1200-1400°C. 

found i n  t h e  da ta  of  Menster e t  al. (1) and Kobayashi e t  a l .  (6) .  Suuberg e t  al. 
(10) observed two s t a g e s  ( o r  p l a t e a u s )  i n  c o a l  p y r o l y s i s  up t o  a temperature  n e a r  
l l O O ° C ,  and a t h i r d  s t a g e  was envisaged above t h a t  temperature .  This t h i r d  s t a g e  
w a s  assumed t o  remove p r i m a r i l y  CO and C02. 
i n d i c a t e  percent  weight- loss  n e a r  60 percent  a t  temperatures  above 15OOOC. 
present  r e s u l t s  a r e  c o n s i s t e n t  with t h e  r e s u l t s  r e p o r t e d  by t h e s e  au thors  and con- 
f i r m  a t h i r d  p la teau  s t a g e .  

The d a t a  of  Kobayashi e t  a l .  (6) 
The 

Figure 4 presents  d e v o l a t i l i z a t i o n  r e s u l t s  a t  v a r i o u s  temperatures  f o r  pre- 

Al- 
d r i e d  coa l  and f o r  var ious  p a r t i c l e  s i z e s  i n  a CO gas .  
n i f i c a n t  e f f e c t s  of the  mois ture  conten t  i n  c o a l  and v a r i o u s  particle s i z e s .  
though these r e s u l t s  a r e  inconclus ive ,  they can b e  expla ined  by e i t h e r  an e f f e c t  of 
hea t ing  rate on p y r o l y s i s  o r  by secondary p y r o l y s i s  r e a c t i o n s  which are inf luenced  
by a v a i l a b l e  sur face  a r e a ,  mois ture  and o t h e r  gases  which could r e s u l t  i n  i n t e r n a l  
v o l a t i l e  decomposition and coke formation.  

There appear  t o  be s ig-  2 

Figure 5 presents  t h e  e f f e c t  of pressur$  on t h e  apparent  p y r o l y s i s  in a steam 
environment. A t  lower temperatures  (800-1100 C) t h e  apparent  p g r o l y s i s  i n c r e a s e s  
s l i g h t l y  with pressure ,  while  a t  h i g h e r  temperatures  (1200-1400 C) t h e r e  i s  a de- 
c rease  i n  apparent  p y r o l y s i s  wi th  pressure .  One p o s s i b l e  e x p l a i n a t i o n  is t h a t  a t  
lower temperatures the i n c r e a s e d  gas concent ra t ion  i n c r e a s e s  t h e  g a s v o l a t i l e  re- 
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a c t i o n s ,  decreas ing  t h e  secondary c h a r  formation r e a c t i o n s  ; a t  h i g h e r  temperatures 
t h e  increased  pressure prevents  some v o l a t i l e s  from escaping  t h e  s o l i d  and thus 
p a r t i c i p a t i n g  i n  secondary char-formation r e a c t i o n s .  
ported e a r l i e r  (8) i n  a hydrogen atmosphere, wherein t h e  amount of p y r o l y s i s  was 
found t o  i n c r e a s e  only beyond about  20 a t m  pressure .  
is observed a t  lower pressures .  
temperature  on t h i s  behavior .  
the  anomalous results. 

S i m i l a r  r e s u l t s  have been re- 

Notably, in steam t h i s  e f f e c t  
The p r e s e n t  s t u d i e s  a l s o  b r i n g  o u t  t h e  e f f e c t  of 

F u r t h e r  work i n  t h i s  a r e a  is necessary  t o  confirm 

Table 1 presents  results o f  subsequent  r e a c t i v i t y  of chars  formed by c o a l  
d e v o l a t i l i z a t i o n .  A comparison i s  shown of  chars  formed i n - s i t u ,  a s  i n  the present  
mentod w i t h  chars  formed s e p a r a t e l y  and then reac ted .  Note t h a t  in-situ-formed char 
is a faccor  two t o  ten  t i m e s  more r e a c t i v e  than chars  formed s e p a r a t e l y .  Thus, 
keeping t h e  char  a t  high tempera tures  f o r  l o n g e r  times b e f o r e  r e a c t i o n  apparent ly  
renders  t h e  char  less r e a c t i v e ,  and can b e  i n t e r p r e t e d  as a morphological rearrange- 
mmt. These r e s u l t s  a r e  i n  agreement wi th  previous r e s u l t s  a t  t h i s  l a b o r a t o r y  (U), 
and extend these  r e s u l t s  to h i g h e r  temperature  regimes. It is sugges ted  t h a t  the 
char  prepara t ion  method d r a m a t i c a l l y  a f f e c t s  subsequent  c h a r  r e a c t i v i t y .  
e f f e c t s  must b e  considered i n  models of  char  r e a c t i v i t y  and i n  t h e  use of  char  re- 
a c t i v i t y  d a t a  i n  coal-conversion reactor models and i n  t h e  i n t e r p r e t a t i o n  of p i l o t -  
uni t  data .  

These 

CONCLUSIONS 

D e v o l a t i l i z a t i o n  g e n e r a l l y  i n c r e a s e s  w i t h  temperature  i n  a manner cons is  t e n t  
w i t h  t h e  proposed three-s tage  mechanism f o r  t h e  e v o l u t i o n  of v o l a t i l e s .  R e s u l t s  
h e r e  show a p la teau  a t  1200-14OO0C and a maximum d e v o l a t i l i z a t i o n  above 15OO0c. 
React ive gases can i n t e r a c t  w i t h  t h e  f r e s h l y  formed v o l a t i l e s  and a f f e c t  t h e  secondary 
char-forming r e a c t i o n s  which can cause changes i n  t h e  apparent  p e r c e n t  p y r o l y s i s .  
This  was ev ident  from t h e  e f f e c t s  of  mois ture  c o n t e n t ,  p a r t i c l e  s i z e ,  p ressure  and 
gaseous environment on t h e  e x t e n t  of p y r o l y s i s .  R e a c t i v i t y  of  char  formed i n - s i t u  
and immediately reac ted  was found to  b e  h i g h e r  than r e a c t i v l t y  of  chars  formed 
s e p a r a t e l y  and then brought  i n t o  t h e  r e a c t i v e  environment. 
morphological rearrangements may b e  i m p o r t a n t  in p y r o l y s i s  and subsequent  char  re- 
a c t i o n s .  

I t  is  sugges ted  t h a t  

ACKNOWLEDGlIENT 

This  work was made p o s s i b l e  by a g r a n t  from t h e  Department o f  Energy, Contract  
NO. ET-78-S-01-3253. 

REFERENCES 

1. Menster, M . ,  O'Donnell, H .  J. and Ergun, S . ,  "Rapid Thermal Decomposition o f  
Bituminous Coals," Am. &em. SOC., Div. of  Fuel Chem. P r e p r i n t s  2 (5)  94 
(1970). 

Menster, M . ,  O'Donnell, J. J., Ergun, S .  and F r i e d e l ,  R. A . ,  " D e v o l a t i l i z a t i o n  
o f  Coal by Rapid Heat ing,  " i n  Coal G a s i f i c a t i o n ,  p. 1, Advances i n  Chemistry 
S e r i e s  No. 131,  Am. &em. SOC., Washington, D.C. (1974). 

Nsakala, N.Y., Essenhigh, R. H. and Walker, P. L., Jr., F u e l 5 7  605 (1978). 

2. 

3. 

4. Nsakala, N.Y.,  Essenhigh, R. H. and Walker, P. L. ,  Jr., Comb. Sc i .  & Technol.8 
- 1 6  -153 (1977). 

Badzioch, S. and Hawksley, P. G. W., Ind. Eng. &em. Process  Des. & Dev. 9 ( 4 )  
521 (1970). 

5. 

52 



6 .  

7. 

1 a. 

i 9. 

1 
10. 

11. 

12.  

Kobayashi, H. ,  Howard, J. B .  and Sarofim, A. F . ,  "Coal D e v o l a t i l i z a t i o n  a t  
High Temperatures, " 1 6 t h  I n t e r n .  Symp. on Combustion, p .  411, The Combustion 
I n s t i t u t e ,  P i t t s b u r g h ,  Pa. (1977). 

Scaroni ,  A. W . ,  Walker, P. I,., Jr. and Essenhigh, R. H . ,  Fue l  60 71 (1981). 

Anthony, D. B . ,  Howard, J. B. ,  Hottel, H. C. and Meissner,  H.  P., Fuel  2 
1 2 1  (1976). 

Sears ,  J .  T., Maxfield, E .  A. and Tamhankar, S. S. ,  "A P r e s s u r i z e d  Themo- 
balance Appartus f o r  Use i n  Oxid iz ing  Atmospheres a t  High Temperatures, ' '  
Ind.  Eng. Chem. Fundamentals (submitted 1981) .  

Suubert ,  E.  M . ,  P e t e r s ,  W. A. and Howard, J. B . ,  Ind .  Eng. Chem. Process  Des. 
& k v .  17 37 (1978). 

Agarwal, A. K. and S e a r s ,  J. T . ,  Ind.  Eng. Chem. Process  Des. 6 Dev. 19 364 
(1980). 

Linares-Solano, A. ,  Mahajan, 0. P. and Walker, P. L., Jr . ,  Fuel 58 327 (1979). 

P l a t i n u m  M r i h  Sample  Hnldrr 



0 1  
80 100 120 140 160 40 60 

T I  M E I S e C )  

FIG. 2. ~ P R E ~ E N T A T I M  K 1 o - t ~  b s s  CURES ~ T A I N E D  AT ~ K P C  WITH PSOC-246 LIWITE. 

700 800 900 lo00 1100 1200 U O O  1400 1503 1600 
J 

TEMPERATURE ( ‘C ) 

FIG, 3.  h N T  OF kRoLYSlS AS A FINCTION OF TCtVmATURE FOR mC-246 LIWITE. 

54 



Average 
Parlicle size 

( p m )  

3 5 8  

21 3 

1 6 3  

Moisture 
contenl 
i%) 
21.7 

I ,  

0 ,  

X 3 5 8  &dried 
at 1roOc 

> 800 900 1000 1100 1 M O  1300 1400 1500 1600 

TEMPERATURE ( " C  ) 

FIG. 4 .  EFFECTS OF P P R T I U  SIZE PND FblSTuRE h T E N T  ON ME &TENT OF k U L Y S l S  IN ATMISPHERE. 

-7 
O 

D 
800 .C 
900 ' c  
1ooo'c 

1200. c 
1400.C 

1100 c 

2 4 6 8 lo 12 14 16 18 

PRESSURE ( ATM ) 

34' 

FIG. 5. VARIATIW OF RRCENT F'YRXYSIS W I T H  TEFPEWTLRE AND PRESSURE IN t$-l$O. 

55 



Table 1 

REACTIVITY OF CfiARS AS A FUNCTION OF PREPARATION CONDITIONS 

Reaction Temperature OC 

I n - s i t u  I n i t i a l  
R e a c t i v i t y  
mg/ng !.lin. Preformed 

Char* 

900 950 1000 1050 1200 1250 1300 

0.30 0.40 0.69 0.80 2.14 2.15 2.15 

0.26 0.32 0 . 5 7  0.62 0.88 0.89 1.02 

Reaction Temperature OC 

~ 

Initial I I n - s i t u  I 0.54 0.67 1.13 1.30 

1250 1300 1350 1400 

i t e a c t i v i t y  I I 
mg/mg Min. Preformed 1 Char* 1 0.50 0.60 0.76 0.79 

(C) Comparison of I n - s i t u  R e a c t i v i t i e s  with Other  Reported Resul t s  

:*laximum 
React ion R e a c t i v i t y  

Coal Type Method/Treatment Temp. OC Gas rng/mg !.:in. Ref. 
~ ~ 

N.D.  l i g n i t e  I n - s i t u  9 10 N2-HzO 0.48 Present 
(PSOC-246) (excess H 2 0 )  s tudy 

N.D.  l i g n i t e  Coal hea ted  i n  N 2  a t  910 N2-ti23 0.0467 12 
(PSOC- 87) lOOC/min t o  l O O O O C ,  (excess  H20) 

kept  for 2 lirs, 
cooled. Reheated i n  
N2 a t  ZOoC/nin t o  
IOOOOC, cooled t o  
91OOC, !ield for  20 
inin, reac ted .  

I n - s i t u  9 20 CO2 0.20 Present  
s t u d y  

HVC bituminous 
(PSOC- 309) a t  6000C/sec 

HVC bituminous I n - s i t u  9 20 CO2 0.088 11 
(I’SOC-309) a t  - 2o0°C/min .  

*Char prepared by pyrolyzing coa l  i n  N2 a t  l l O O ° C  f o r  2 min. 
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SIMULATION OF ENTRAINED FLOW HYDROPYROLYSIS REACTORS 

A. Goyal 
I n s t i t u t e  of G a s  Technology 
Chicago, I l l i n o i s  60616 

D. Gidaspow 
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The phenomena of c o a l  p y r o l y s i s  and hydropyrolysis  have become of consider-  
a b l e  i n t e r e s t  i n  r e c e n t  years  because of t h e i r  s i g n i f i c a n c e  i n  t h e  e f f i c i e n t  
conversion of c o a l s  t o  c lean  f u e l s .  The proposed hydropyrolysis  commercial 
r e a c t o r s  a r e  u s u a l l y  based on t h e  en t ra ined  flow concept i n  which c o a l  p a r t i c l e s  
are r a p i d l y  heated i n  a d i l u t e  phase by mixing with h o t  hydrogen (or  a gas  
mixture  r i c h  i n  hydrogen). 
be obtained i n  such r e a c t o r s  by manipulat ing temperature ,  res idence  t ime,  and 
o t h e r  opera t ing  parameters .  Mathematical models i n c o r p o r a t i n g  hydrodynamics, 
c o a l  k i n e t i c s ,  h e a t  t r a n s f e r  c h a r a c t e r i s t i c s ,  e t c .  are needed f o r  understanding 
t h e  inf luence  of des ign  v a r i a b l e s ,  feed m a t e r i a l s ,  and process  condi t ions  on 
t h e  r e a c t o r  performance. The l i t e r a t u r e  i s  lacking  i n  c o a l  hydropyrolysis  
en t ra ined  flow r e a c t o r  models. Such a model has  been developed i n  t h i s  s tudy .  

Mathematical Formulation 

system considered is an en t ra ined  flow hydropyrolysis  r e a c t o r .  Pulver ized c o a l  
mixes with t h e  hot  gas feed a t  the  r e a c t o r  entrance.  A s  c o a l  p a r t i c l e s  a r e  
c a r r i e d  by t h e  g a s ,  t h e i r  temperature i n c r e a s e s  and hydropyrolysis  takes  p lace .  

A wide v a r i a t i o n  i n  t h e  product  d i s t r i b u t i o n  can 

A one-dimensional mathematical model has been formulated here .  The phys ica l  

The s i n g l e  c o a l  p a r t i c l e  hydropyrolysis  k i n e t i c  model used i n  t h i s  s tudy 
The model i s  pr imar i ly  based on Johnson's k i n e t i c  i s  descr ibed by Goyal (1). 

model ( 2 ,  3 ,  4 )  supplemented by Suuberg's k i n e t i c  model ( 5 )  f o r  rap id  r e a c t i o n s .  
I n  t h i s  model, t h e  coa l  i s  assumed t o  c o n s i s t  of e leven  s o l i d  spec ies  while  t h e  
gas of n ine  s p e c i e s  (Table 1 ) .  Gaseous s p e c i e s  (CH,), r e p r e s e n t s  gaseous heavy 
hydrocarbons while  (cHM)b r e p r e s e n t s  vaporized o i l s  and t a r s .  

The k i n e t i c  model has  been combined h e r e  with r e a c t o r  flow model and h e a t  
and mass t r a n s f e r  c h a r a c t e r i s t i c s  of t h e  m u l t i p a r t i c l e  system t o  d e r i v e  a r e a c t o r  
model. Because of t h e  s i g n i f i c a n t  amount of c o a l  weight l o s s  and gas  genera t ion  
i n  such systems, hydrodynamics may a l s o  be very  important .  
descr ib ing  t h e  system a r e  given i n  Table 2 .  I n  t h i s  formula t ion ,  i t  is assumed 
t h a t  t h e  hea t  of r e a c t i o n  of t h e  sol id-gas  phase r e a c t i o n  a f f e c t s  t h e  s o l i d  
temperature only whi le  t h a t  of occur r ing  s o l e l y  i n  t h e  g a s  phase a f f e c t s  t h e  
gas phase temperature  only.  Also,  t h e  e x t e n t  of swel l ing  of t h e  c o a l  p a r t i c l e s  
i s  d i r e c t l y  propor t iona l  t o  t h e  e x t e n t  of d e v o l a t i l i z a t i o n .  Furthermore, t h e  
expression g iv ing  t h e  g a s i f i c a t i o n  r a t e  of t h e  s o l i d  s p e c i e s  CHx (semichar) i s  
somewhat complex. This  rate is  dependent on t h e  time-temperature h i s t o r y  of t h e  
p a r t i c l e  and involves  a double  i n t e g r a t i o n .  The mathematical manipulat ion 
performed t o  s i m p l i f y  t h e  complexity r e s u l t e d  i n t o  s e v e r a l  a d d i t i o n a l  d i f f e r e n t i a l  
equat ions ,  t h e  d e t a i l s  of which a r e  given by Goyal ( 1 ) .  

The equat ions 

The s o l i d  s p e c i e s  product ion rate (Si) i s  given by equat ion  (18). The gas  
s p e c i e s  product ion r a t e s  can be r e l a t e d  t o  t h e  s o l i d  s p e c i e s  product ion r a t e s  (1). 

Furthermore, c o a l  hydrogenation experiments i n  t h e  labora tory  are o f t e n  
c a r r i e d  out i n  h e l i c a l  r e a c t o r s  ( 4 ,  6 ) .  The r e l a t i o n s h i p  between t h e  p a r t i c l e  
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and t h e  gas  v e l o c i t y  is o f t e n  r e p r e s e n t e d  i n  terms of a s l i p  v e l o c i t y  f a c t o r  ( $ s ) .  
I n  such r e a c t o r ,  t h e  c e n t r i f u g a l  f o r c e s  a r e  o f t e n  more important  than g r a v i t a t i o n a l  
f o r c e .  
s o l i d s  t o  gas r a t i o ,  p a r t i c l e  s i z e ,  g a s  v e l o c i t y ,  e t c .  

This  s l i p  v e l o c i t y  f a c t o r  depends on t h e  tube  d iameter ,  h e l i x  d iameter ,  
Thus f o r  h e l i c a l  r e a c t o r s :  

D(vs) = 9,D(vg) 

This  equat ion r e p l a c e s  equat ion  (5) i n  Table 2 .  

This  s e t  of equat ions (Table  2)  a l s o  r e q u i r e s  a l a r g e  number of a u x i l i a r y ,  
a l g e b r i c  equat ions as  component model p a r t s ;  f o r  example r e l a t i o n s h i p s  f o r  f s ,  f w ,  
hgp, hgw, E ~ ~ ! ,  e t c .  
d e t a i l s  a r e  given by Goyal ( 1 ) .  

These r e l a t i o n s h i p s  a r e  taken from t h e  l i t e r a t u r e  and t h e  

Furthermore, t h e  model has  been developed here  f o r  c o a l  hydropyro lys is .  
Nevertheless ,  t h e  formula t ions  and t h e  method of s o l u t i o n  a r e  f l e x i b l e  and can 
be  e a s i l y  manipulated f o r  o t h e r  e n t r a i n e d  flow g a s i f i e r s ,  f o r  example, pea t  
g a s i f i c a t i o n .  

Solu t ion  Methodology 

The en t ra ined  f low hydropyrolys is  r e a c t o r  has been modeled i n  t h e  preceding 
s e c t i o n  by a set of f i f t y  t h r e e  s imultaneous nonl inear  f i r s t  o rder  ord inary  
d i f f e r e n t i a l  equat ions .  The s o l u t i o n s  t o  t h e  formulat ions a r e  sought i n  t h e  form 
of t i m e  h i s t o r i e s  of q u a n t i t i e s  such as p a r t i c l e  and gas temperature ,  t h e i r  
compositions, v e l o c i t i e s ,  d e n s i t i e s ,  and o t h e r  der ived q u a n t i t i e s  such a s  
conversion e t c .  T h i s  system of equat ions  i s  very s t i f f  p r imar i ly  due t o  t h e  
high temperature dependence of v a r i o u s  hydropyrolysis  r e a c t o r  r a t e s  ( 1 ) .  A 
computer program based on i m p l i c i t  backward d i f f e r e n t i a t i o n  formulas of orders  
one through f i v e  (Gear 's  method) has  s u c c e s s f u l l y  been used here  i n  so lv ing  
t h i s  set of s t i f f  equa t ions .  

Comparison With Experimental Data 

hydropyrolysis  of Montana Rosebud subbituminous c o a l ,  Western Kentucky No. 9/14 
bituminous c o a l ,  and North Dakota l i g n i t e .  Experiments were conducted i n  a 
bench-scale system of 2-4 l b / h r  nominal capac i ty  entrained-downflow t u b u l a r  
r e a c t o r .  D i f f e r e n t  types  of r e a c t o r s  ( f r e e  f a l l ,  v e r t i c a l l y - e n t r a i n e d ,  
h e l i c a l l y - e n t r a i n e d )  were used i n  t h i s  s tudy .  The r e a c t o r  was mounted i n s i d e  
an e l e c t r i c  furnace  designed f o r  i so thermal  opera t ion .  
c o a l  were mixed i n s i d e  a h igh-ve loc i ty  c o a x i a l  i n j e c t o r  nozz le  loca ted  near  
t h e  en t rance  t o  produce very  high h e a t i n g  r a t e s .  The coal-hydrogen mixture  
moved t o  t h e  r e a c t o r  o u t l e t  where i t  was quenched t o  below 1000°F d i r e c t l y  by 
a stream of cryogenical ly-cooled hydrogen, which terminated r e a c t i o n s .  A more 
d e t a i l e d  d e s c r i p t i o n  of t h e  r e a c t o r  system has been given by Hamshar e t  a l .  (7). 

C i t i e s  Serv ice  Research and Development Company has performed s t u d i e s  on t h e  

Preheated hydrogen and 

The r e a c t o r  and c o a l  types ,  f low rates, and opera t ing  condi t ions  used i n  
d i f f e r e n t  test runs have been summarized along wi th  experimental  r e s u l t s  by 
Cities Serv ice  Research and Development Co. ( 6 ) .  Operat ing condi t ions  were 
var ied  i n  t h e  nominal ranges of 1400°-17000F r e a c t o r  temperature ,  34-170 atm 
r e a c t o r  p r e s s u r e ,  0.18-1.3 hydrogen/coal weight r a t i o ,  and 0.3-25 s e c  vapor 
res idence t i m e .  A few runs  u t i l i z e d  a 78/22 ( v o l . )  mixture  of hydrogen/ 
methane feed  gas;  t h e  remainder used high p u r i t y  hydrogen. 
temperature  w a s  measured by a series of removable s k i n  thermocouples tacked along 
t h e  w a l l  of t h e  r e a c t o r .  
been repor ted .  Ins tead ,  t h e  mix temperature ,  maximum gas  temperature  and 
equiva len t  i so thermal  temperature  f o r  each run have been repor ted .  

The r e a c t o r  

However, these  measured temperature p r o f i l e s  have not  
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A t o t a l  of twenty-one runs having good carbon and ash ba lance  c losures  have 
The opera t ing  condi t ions  f o r  t h e s e  runs are given been simulated i n  t h i s  s tudy .  

by Goyal (1). The c o a l  feed i n  t h e s e  runs w a s  d r y .  Also, s e v e r a l  of t h e i r  tests 
were conducted i n  h e l i c a l  c o i l  r e a c t o r s .  Oko et  a l .  (8) from C i t i e s  Service 
have r e c e n t l y  repor ted  t h e  r e s u l t s  of a h e l i c a l  g l a s s  cold-flow study.  
appara tus ,  average p a r t i c l e  v e l o c i t i e s  were measured i n  t h e  same flow regimes 
t h a t  were experienced i n  t h e  bench-scale hydropyrolysis  appara tus .  
empir ica l  equat ion was der ived  t o  es t imate  t h e  s l i p  v e l o c i t y  f a c t o r :  

I n  t h i s  

The fo l lowing  

- - -  
$s  = vs/v = 1 - ko RegPRcq (DH/Dt)r 

g 
where ko, p, q ,  and r a r e  empir ica l  cons tan ts .  

Several  important r e a c t o r  performance parameters  have been compared h e r e  i n  
Figure 1 shows a comparison of c a l c u l a t e d  and experimental  Figures  1 through 4 .  

carbon conversion f o r  d i f f e r e n t  types  of c o a l s .  
computer model c a l c u l a t i o n s  agreed q u i t e  c l o s e l y  with t h e  a c t u a l  experimental  
r e s u l t s .  Figure 2 compares t h e  pred ic ted  moisture-ash-free (MAF) coa l  conversions 
with the  experimental va lues  of these  conversions.  The comparison i s  q u i t e  good; 
however, the  model somewhat underpredic t s  t h i s  coa l  conversion.  This  i s  
pr imar i ly  due t o  t h e  f a c t  t h a t  Johnson's model a l lows  f o r  only 89% of c o a l  oxygen 
evolu t ion  whereas t h e  experimental  oxygen evolu t ion  i s  approximately 97%. 
t h i s  a d d i t i o n a l  oxygen were allowed t o  evolve,  then t h e  pred ic ted  coa l  conversion 
would increase  by approximately 1.5%. This  would r e s u l t  i n  an e x c e l l e n t  
comparison. 

A s  seen from t h i s  f i g u r e ,  t h e  

I f  

Figure 3 compares t h e  pred ic ted  carbon conversion t o  l i g h t  hydrocarbons 
methane + ethane with experimental va lues .  The predic ted  methane + e thane  y i e l d  
i s  somewhat h igher .  The comparison of carbon oxides  y i e l d  i s  shown i n  Figure 4 .  
The model underpredic t s  t h l s  y i e l d .  Again, i t  i s  probably because Johnson's 
model allows f o r  only 89% c o a l  oxygen removal whi le  repor ted  c o a l  oxygen removal 
i s  i n  the  range of 95% t o  100%. 

A s  mentioned e a r l i e r ,  t h e  model i s  capable  of p r e d i c t i n g  time h i s t o r i e s  of 
q u a n t i t i e s  such as conversions,  p a r t i c l e  and gas  tempera tures ,  t h e i r  flow r a t e s ,  
compositions, v e l o c i t i e s ,  e t c .  As an example, some of t h e  important r e a c t o r  
v a r i a b l e s  have been summarized ( a s  a func t ion  of r e a c t o r  length)  i n  Figures  5 t o  
7 f o r  Run No. KB-5 with Western Kentucky bituminous c o a l  feed.  In  t h i s  test ,  
a 1 7 . 7  f t  long and 0 . 2 6  inch I D  r e a c t o r  w a s  operated a t  1557OF (EIT) and 1500 
p s i a  hydrogen pressure .  The s u p e r f i c i a l  gas  v e l o c i t y ,  vapor res idence  time 
and hydrogen/coal weight r a t i o  were 1 2 . 3  f t / s e c ,  1.44 s e c ,  and 1 .17  r e s p e c t i v e l y .  
The wall temperature  w a s  assumed t o  be 1581°F which is  t h e  average of repor ted  
maximum r e a c t o r  temperature  and EIT. The d a t a  p o i n t s  shown i n  t h e s e  f i g u r e s  a r e  
t h e  a c t u a l  experimental  r e s u l t s  a t  t h e  r e a c t o r ' s  e x i t .  

Figure 5 shows carbon and MAF c o a l  conversions as a func t ion  of r e a c t o r  
length .  As seen from t h e  f i g u r e ,  a s i g n i f i c a n t  conversion (12% t o  14%) t a k e s  
p lace  wi th in  0.1 f t  r e a c t o r  length .  
shown on a log s c a l e ,  which al lows t o  show t h e  s i g n i f i c a n t  conversions occurr ing  
i n  t h e  extremely s h o r t  d i s t a n c e  near  t h e  en t rance .  
is a l s o  c a l c u l a t e d  by t h e  model and is shown a t  t h e  t o p  of t h e  graph. 

Note t h a t  t h e  r e a c t o r  length  has  been 

The p a r t i c l e  res idence  time 

Figure 6 s h o w s  t h e  carbon conversion t o  d i f f e r e n t  s p e c i e s  over  t h e  length of 
t h e  r e a c t o r .  It shows t h a t  o i l  is evolved f i r s t  and very r a p i d l y .  Again, log 
s c a l e  has  been used t o  represent  t h e  r e a c t o r  length .  
composition over  t h e  r e a c t o r  l e n g t h  is shown i n  F igure  7. 
gas was used i n  t h i s  test and 96% of t h e  e x i t  product  gas  was hydrogen. 
SO because excess  amount of hydrogen was used i n  t h i s  run. 

The change i n  the  gas  
Pure hydrogen feed 

This  is 
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The mathematical model developed h e r e  has been used s u c c e s s f u l l y  t o  
d e s c r i b e  t h e s e  hydropyrolys is  r e a c t o r s .  
experimental  and predic ted  r e a c t o r  performances a r e  a t t r i b u t a b l e  t o  inadequacies 
i n  model formula t ion ,  u n a v a i l a b i l i t y  of experimental  d a t a  p a r t i c u l a r l y  reac tor  
w a l l  temperature  p r o f i l e s ,  and u n c e r t a i n t i e s  i n  t h e  experimental  d a t a .  / 

Reasons f o r  smal l  d i screpancies  i n  

A d e t a i l e d  parametr ic  s tudy  has been performed us ing  t h i s  model t o  i d e n t i f y  
important r e a c t o r  parameters  f o r  t h e  des ign  of commercial en t ra ined  flow 
hydropyrolysis  r e a c t o r s .  The r e s u l t s  a r e  given elsewhere ( 1 ) .  
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Nomenclature 

The a u t h o r s  a r e  g r a t e f u l  t o  D r .  S. Weil f o r  providing many h e l p f u l  suggestions 

Contact a r e a  between s o l i d s  and gas  per  u n i t  r e a c t o r  volume 

Number of carbon atoms p e r  mole of gas  s p e c i e s  (CHzIa 

Reactor c r o s s - s e c t i o n a l  a r e a  

Number of carbon atoms per  mole of gas  s p e c i e s  (CHpf)b 

Rate of gas  s p e c i e s  j going  from s o l i d  phase t o  gas  phase ( i . e .  c ross ing  
boundary) per  u n i t  r e a c t o r  volume 

F r a c t i o n a l  coa l  conversion (moisture-free)  

F r a c t i o n a l  c o a l  conversion (moisture-ash-free) 

Heat c a p a c i t y  of gas s p e c i e s  j 

Heat c a p a c i t y  of s o l i d  s p e c i e s  i 

Der iva t ive  wi th  r e s p e c t  t o  d i s t a n c e  along r e a c t o r  (x) 

Hel ix  diameter  

P a r t i c l e  diameter  

Reactor diameter  

Drag f o r c e  exer ted  by f l u i d  on t h e  p a r t i c l e s  per  u n i t  volume of p a r t i c l e s  

F r i c t i o n a l  f o r c e  between t h e  gas  and t h e  w a l l  of t h e  r e a c t o r  

Sol ids  flow rate per  u n i t  r e a c t o r  c ross -sec t iona l  a r e a  

G r a v i t a t i o n a l  a c c e l e r a t i o n  

Conversion f a c t o r  ( 3 2 . 2  lbm-f t / sec2/ lbf )  

Gas f low rate per  u n i t  r e a c t o r  c r o s s - s e c t i o n a l  a r e a  

Tota l  en tha lpy  of gas  s p e c i e s  j 

Overal l  heat  t r a n s f e r  c o e f f i c i e n t  between g a s  and s o l i d  p a r t i c l e  

Overal l  hea t  t r a n s f e r  c o e f f i c i e n t  between gas  and w a l l  

Tota l  enthalpy of s o l i d  s p e c i e s  i 

Rate of gaseous hydrogen r e a c t i n g  with s o l i d  phase per  u n i t  r e a c t o r  volume 

Wall h e a t  l o s s e s  f r o n  r e a c t o r  p e r  u n i t  r e a c t o r  l e n g t h  (due t o  convect ion 
between gas  and wal l )  
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H l s a  

M 

Total  wal l  hea t  l o s s e s  from r e a c t o r  p e r  u n i t  r e a c t o r  l e n g t h  per  u n i t  
r e a c t o r  c ross -sec t iona l  a r e a  

Atomic r a t i o  of hydrogen t o  carbon i n  o i l s  and t a r s  ( a l s o  i n  s p e c i e s  CHK) 

!. 

\ M j  Molecular weight of gas  s p e c i e s  j 

p Total  r e a c t o r  pressure  

Qash 
R Universal g a s  cons tan t  

R, 
Reg Gas Reynolds number 

R i  

( S i ) s  Mass r a t e  of s o l i d  s p e c i e s  i produced p e r  u n i t  r e a c t o r  volume 

( S j ) g  Mass r a t e  of gas  s p e c i e s  j produced per  u n i t  r e a c t o r  volume 

Ash flow r a t e  p e r  u n i t  r e a c t o r  c ross -sec t iona l  a r e a  

Char t o  gas weight r a t i o  

Reaction r a t e  ( d < i / d t )  f o r  ith r e a c t i o n  

vg 

"R 

1: 

V S  

X 

I 

X 

Y 

Yj 
Z 

Time 

Gas temperature  

Sol ids  temperature  

Wall temperature  

Gas v e l o c i t y  

Sol ids  v e l o c i t y  

Ratio of p a r t i c l e  volume a t  anytime t o  i t s  i n i t i a l  volume 

Distance along r e a c t o r  

Atmoic r a t i o  of hydrogen t o  carbon i n  s p e c i e s  C& (semichar) 

Atmoic r a t i o  of hydrogen t o  carbon i n  species CHy ( f i n a l  product char )  

Mass f r a c t i o n  of gas  s p e c i e s  j 

Atmoic r a t i o  of hydrogen t o  carbon i n  hydrocarbon gases  o t h e r  than 
CH4 and C2H6 ( a l s o  i n  s o l i d  s p e c i e s  CH,) 

Angle between h o r i z o n t a l  l i n e  and t h e  r e a c t o r  a x i s  

Gas res idence  time 

Sol ids  res idence  t i m e  

Ash d e n s i t y  

Ash d e n s i t y  of raw c o a l  

Gas d e n s i t y  

Sol ids  d e n s i t y  

Voidage 

E f f e c t i v e  e m i s s i v i t y  

Stephen-boltzman cons tan t  

Swelling parameter 
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si 
sio 
wC$ Maximum l b s  of CHy t h a t  can b e  formed p e r  l b  of ash  (equat ion 21)  

w i o  Lbs of  s o l i d  s p e c i e s  i i n  r a w  c o a l  p e r  l b  of ash  ( i  # CHy) 

@s S l i p  v e l o c i t y  f a c t o r  def ined  as t h e  r a t i o  of s o l i d s  v e l o c i t y  t o  gas  ve loc i ty  

Subscr ipt  

i Refers  t o  s o l i d  s p e c i e s  

j Refers  t o  gas  s p e c i e s  

Fract ion of s o l i d  s p e c i e s  i n o t  y e t  g a s i f i e d  ( i  # CHy) 

= 1 f o r  i # CH,, 
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Table 1. Sol id  and G a s  Species  

Sol id  Species  Gas Species  

1. HOH 1. co 

2 .  0.0 2 .  co2 

3 .  OH 3 .  H2 

4 .  co 4 .  H 2 0  

5. coo 5. CH4 

6. CHH 6 .  C2H6 

7 .  CHZ 7 .  ( C H Z ) a  

8. C s  8.  ( C s ) b  

9. CHx 9 .  I n e r t  gas  

10. CH 
Y 

11. Ash 

Table 2. D i f f e r e n t i a l  Equations Model 

T o t a l  Sol ids  Mass Balance: D[(l-E)psvsl = E(Si)s = D(F) 1) 

Sol ids  Species Balance: D(Qashwi"Si) = (Si)s 3)  

T o t a l  Gas Mass Balance: D ( E  p v ) = Z(S . )  = D ( G )  2 )  g g  1 g  

Gas Species  Balance: D(E p v y.) = ( S . )  4 )  g g 1  1 g  

C o n s t i t u t i v e  Equation f o r  t h e  Mixture: (Ref. 9 )  
- v S ) l  = fs /ps  - g s i n  e 5) 

Mixture Momentum Balance: gcD(P) = (v  - V ~ ) Z ( S ~ ) ~  - ( l - ~ ) p ~ v ~ D ( v ~ )  

- E  P v D(v ) - f - [~,(l-s)+p EI g s i n  e 
g 

6) 
g g  g w g 

Sol ids  Density: D(ps) = DIZ(wio~i)pa~h/VRl 7) 

Gas Density: D(pg) = D[(P/RT g )(Zy./M.)-'] 1 1  8) 
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Table 2 .  D i f f e r e n t i a l  Equations Model (cant.) 

S o l i d s  Phase Energy Balance: D(T ) = - (-HZgs) (hgH ) T  + L(B.)(hgj)Ts + 3 2 g  

4 4  
h 

X ( w i o  (hsi)T D ( S , ) ] / [ Z ( W ~ " S ~ C ~ ~ ~ ) ]  

g 

a(Ts - T ) - 4aBcapp(Tw - TS )/Dt)/Qash + 
gP g 

s 

Gas Phase Energy Balance: D(T ) = [(-H 2 g s ) ( h g H 2 ) ~ s  + UBj)(hgj)TS + 

h a(Ts - T )-Hls/A -L(h ) ( S . )  l/[Z(Gy.C ) I  
gP g gj Tg 3 g J pgj 

F r a c t i o n a l  Coal Conversion: D(C) = D ~ l - Z ( w i o ~ i ) / Z ( w i o S i o ) ~  

= D[-Z(Si)S/{ QashC(wioSio) 

3 
P a r t i c l e  R e l a t i v e  Volume: 

Average P a r t i c l e  Diameter: 

Gas Residence Time: 

P a r t i c l e  Residence Time: 

T o t a l  Heat Loss :  

Useful Algebric Equations: 

D(VR) = DC(1 + ySCaf) 1 

D(D ) = (D /3VR)D(VR) 
P P 

D(e ) = l / v g  
g 

D(es) = l / v s  
4 4  

D(Hlsa) = Hls/A - 40 E B app(Tw - Ts ) / D t  

= -L(S . )  
3 g  . 

(s i )s  = (l-E)PashWiOKi 

Qash = ( 1 - c ) ~ ~ ~ ~ ~ ~  

G = E P V  
K 

g g  

CH " Y ('CHy'%Hp)WCHx 

Hls = nDthgw(Tg - T,) 

Caf = CCX(Wi"Ci")/C I (w,"~,")-l}I 
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The Ef fec t  of Potassium Carbonate on 
t h e  G a s i f i c a t i o n  of I l l i n o i s  N o .  6 Coal 

A.H.  P u l s i f e r  and J .F .  McGehee, Department of Chemical Engineer ing  and Engineering 
Research I n s t i t u t e ,  Iowa S t a t e  Un ive r s i ty ,  Ames, Iowa 50011. 

L. SarOff ,  U.S. Department of Energy, P i t t s b u r g h  Energy Technology Center ,  P i t t s -  
burgh, Pennsylvania 15213. 

Catalyzed coa l  g a s i f i c a t i o n  can l ead  t o  reduced g a s i f i e r  s i z e  and lower gas- 
i f i c a t i o n  tempera tures  which g ive  g r e a t e r  thermal  e f f i c i e n c i e s .  Therefore ,  an  in- 
v e s t i g a t i o n  of t h e  steam g a s i f i c a t i o n  of a bituminous c o a l  under moderately h igh  
P res su res  was conducted. The primary o b j e c t i v e  of t h e  s tudy  w a s  t o  de te rmine  the  
in f luence  of an a l k a l i  metal carbonate  c a t a l y s t  on t h e  k i n e t i c  parameters of t h e  
g a s i f i c a t i o n  r e a c t i o n .  

The coa l  chosen f o r  t h e  s tudy  was an I l l i n o i s  No. 6 coa l  and t h i s  m a t e r i a l  
was g a s i f i e d  both w i t h  and without t h e  a d d i t i o n  of po tass ium ca rbona te .  
ments were c a r r i e d  o u t  a t  t empera tures  between 700 and 900°C and a t  a p re s su re  of 
2 . 1 7  MPa (21.4 atm).  The p a r t i a l  p r e s s u r e s  of steam, carbon d i o x i d e  and hydr0g.c:. 
were a l s o  va r i ed  dur ing  t h e  i n v e s t i g a t i o n .  
modeled us ing  an unreac ted ,  shr inking-core  model and k i n e t i c  c o n s t a n t s  and a c t i v a -  
t i o n  ene rg ie s  were determined. 

Experi-  

The carbon g a s i f i c a t i o n  r a t e  was 

Experiment a 1 Met hods 

The appara tus  used t o  g a s i f y  t h e  c o a l  was a h igh-pressure ,  t u b u l a r ,  f i x e d  
bed r e a c t o r  wi th  an e x t e r n a l  hea t  supply .  One of t h e  unique f e a t u r e s  of t h i s  
appara tus  w a s  i t s  charg ing  system. A 10 g s a m p l e  of c o a l  was he ld  a t  a tempera- 
t u r e  near  ambient i n  a p re s su r i zed  v e s s e l  l oca t ed  above t h e  r e a c t o r .  Actua t ioq  
of a b a l l  va lve  allowed t h e  sample t o  f a l l  i n t o  t h e  r e a c t o r ,  commencing t h e  ex- 
per imenta l  run .  

The appara tus  w a s  a b l e  t o  g a s i f y  a sample of c o a l  wi th  steam, o r  mixtures  of 
Carbon g a s i f i c a t i o n  rates were determined from t h e  pro- steam and H 2 , N 2 ,  o r  C02. 

duct gas  f lowra te  and composition. The e s s e n t i a l  f e a t u r e s  of t h e  appa ra tus  a r e  
shown i n  F ig .  1. 

The r e a c t o r  and coa l  charging v e s s e l  were cons t ruc t ed  from type  316 s t a i n l e s s  
s t e e l .  The r e a c t o r  body was a 21-inch (53 .3  cm) long, 3/4-inch schedule  150 tube  
w i t h  an  o u t s i d e  d iameter  of  1.050 i n .  (26 .7  mm) and an i n s i d e  d iameter  of 0.514 
i n .  (15.6 mm). A 0.125-in. (3 .2  mm) t h i c k  porous  s t a i n l e s s  s t e e l  d i s c  w a s  l oca t ed  
i n s i d e  the  tube ,  6 . 5  i n .  (16.5 cm) from t h e  bottom. T h i s  d i s c  supported t h e  bed 
of c o a l  i n s i d e  t h e  r e a c t o r .  

The coa l  charging v e s s e l ,  a c y l i n d r i c a l  funnel-shaped con ta ine r  wi th  a volume 
of approximately 50 cm3, was connected t o  t h e  top  of t h e  r e a c t o r  by a v e r t i c a l  
3/4-inch schedule  160 tube  wi th  an  i n s i d e  d iameter  of 0.464 i n .  (11 .8  mm).  A t  
t h e  bottom of t h i s  v e s s e l  was a b a l l  va lve .  Charging the  r e a c t o r  w a s  accomplished 
by opening t h e  va lve  by means of a pneumatic a c t u a t o r .  
t ance  of 11 i n .  (27.9 cm) i n t o  t h e  r e a c t o r .  

The c o a l  then  f e l l  a d i s -  

The hea t  necessa ry  t o  gene ra t e  steam and g a s i f y  t h e  c o a l  was suppl ied  ex te rna l -  
l y  through e l e c t r i c  r e s i s t a n c e  h e a t e r s .  
ing c i r c u i t s .  These supp l i ed  t h e  gas  p r e h e a t e r  and steam v a p o r i z e r ,  t h e  r e a c t o r  
furnace ,  and t h e  bottom f l a n g e  h e a t e r .  

There were t h r e e  s e p a r a t e  e l e c t r i c a l  heat-  

Water f o r  steam genera t ion  was d e l i v e r e d  t o  t h e  system by a h igh-prec is ion  
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t o  condense e x c e s s  steam, t h e  p r e s s u r e  of t h e  cooled gases  was reduced t o  atmos- 
p h e r i c ,  and they  were then  ana lyzed .  A quadrapole  mass spec t rometer  w a s  used t o  
determine t h e  product  g a s  composi t ions .  The f l o w r a t e  of  product g a s  w a s  determined 

An exper imenta l  run w a s  c a r r i e d  o u t  i n  t h e  fo l lowing  manner. Appropr ia te  condi- 
t i o n s  of  r e a c t i o n  tempera ture  and r e a c t a n t  gas  p a r t i a l  p re s su re  were s e l e c t e d .  The 
f lowra te s  of  n i t r o g e n  and carbon d iox ide  o r  hydrogen were ad jus t ed  t o  meet these  
s p e c i f i c a t i o n s  as measured by timed r e a d i n g s  of  t h e  w e t  t es t  meter.  Steam flow was 
commenced by a d j u s t i n g  t h e  water meter ing pump. 
and t h e  coal en te red  t h e  r e a c t i o n  zone. 

F i n a l l y  t h e  b a l l  v a l v e  was opened 

During t h e  f i r s t  f i v e  minu tes  of t h e  run ,  t h e  flow of p roduc t s  was r ap id  due 

Table  1. Analyses of I l l i n o i s  No. 6 c o a l .  

Moisture  f r e e  Moisture  an(l 
c o a l  a s h  f r e e  coal 

Proximate a n a l y s i s  (wt. %) 

V o l a t i l e  matter 
Fixed carbon 
Ash 

U l t i m a t e  a n a l y s i s  (wt.%) 

Hydrogen 
Carbon 
Nitrogen 
Sul f  u r  
Oxygen 
Ash 

Heating Value 

40.5 
46.5 
13.0 

4 .7  
67.7 
1.1 
3 . 8  
9 .8  

1 3 . 0  

12307 B tu / lb  
(28619 kJ/kg)  

46.5 
53.5 - -  

5.4 
77.8 

1 .3  
4 .3  
1 1 . 2  
- -  

14148 B t u / l l l  
(32900 kJ/l..P) 

F ree  swel l ing  index  3.5 3 .5  
. . . ---- 
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I 

t o  t h e  d e v o l a t i l i z a t i o n  of  t h e  c o a l  and t h e  t i m e  a t  eve ry  one-quarter  r evo lu t ion  o f  
t he  w e t  t e s t  meter (0.0125 cu f t ,  354 cm3) w a s  recorded .  A f t e r  f i v e  minutes ,  t h e  
volume reading  of t h e  w e t  t es t  meter w a s  recorded  a t  3-minute i n t e r v a l s .  D i s c r e t e  
va lues  of t h e  concen t r a t ion  of each  gas  were a l s o  read  from a d i g i t a l  d i s p l a y  and 
recorded by the  ope ra to r  a t  i n t e r v a l s  of 2.5 minutes ,  beginning  a t  5 minutes .  

The l e n g t h  of  time of each  experiment v a r i e d .  I n  t h e  experiments  conducted 
a t  800°C and 900°C, t h e  1 0  g c o a l  sample w a s  u s u a l l y  allowed t o  r e a c t  u n t i l  80- 
90% conversion of  carbon had been achieved .  A t  7OO0C, t h e  experiments  were termi- 
na t ed  a f t e r  approximately two hours .  

A t  t h e  end of  t h e  exper iment ,  f low of water t o  t h e  steam vapor i ze r  and flow 
of gases  were te rmina ted .  
opened. When t h e  appa ra tus  w a s  coo l ,  t h e  r e a c t o r  w a s  dep res su r i zed  and opened. 
The char and a sh  were withdrawn and weighed. 
t r a p  and t h e  volume of water recorded .  The t a r  f i l t e r  was removed and weighed im-  
media te ly .  

A l l  h e a t e r s  were s h u t  down, and t h e  r e a c t o r  fu rnace  w a s  

A l l  condensa te  w a s  d ra ined  from t h e  

R e s u l t s  

I n  t h i s  s tudy ,  t h e  i n f l u e n c e  of t h e  fo l lowing  pa rame te r s  on t h e  steam g a s i f i c a -  
t h e  p re sence  of K2CO3 a s  a ca t a -  t i o n  r a t e  of I l l i n o i s  No. 6 c o a l  w a s  i n v e s t i g a t e d :  

l y s t ;  t h e  p a r t i a l  p r e s s u r e s  of steam, CO The 2 t o t a l  p re s su re  of  t h e  system w a s  he ld  a t  a cons t an t  v a l u e  o f  2.17 MPa (21.4 a t m )  
throughout t h e  s tudy .  The t o t a l  f l o w r a t e  of g a s e s  i n t o  t h e  r e a c t i o n  zone was a l s o  
kept  f ixed  i n  each  experiment a t  some va lue  between 980 and 1020 sccm. V a r i a t i o n  
of t he  r e a c t a n t  g a s  composition w a s  accomplished by i n c r e a s i n g  t h e  mass f l o w r a t e  
of steam, C02 o r  H 2  and s imul taneous ly  dec reas ing  t h e  mass f l o w r a t e  of t h e  i n e r t  
c a r r i e r  gas ,  n i t rogen .  Nitrogen was bo th  a d i l u e n t  and a carrier g a s  f o r  product  
removal. 

and H 2 ;  and r e a c t i o n  tempera ture .  

Runs were made a t  700, 800 and 9OO0C w i t h  t h e  p r e t r e a t e d  c o a l  and c o a l  imp--*mated 
wi th  10 w t . %  K2CO3. 
K2C03-impregnated c o a l  w a s  s t u d i e d  a t  a cons t an t  steam p a r t i a l  p r e s s u r e  i n  a series 
of 6 runs .  
cons t an t  composition t o  e v a l u a t e  t h e  magnitude of hydrogen i n h i b i t i o n  of t h e  steam 
g a s i f i c a t i o n  r a t e s .  Runs were made a t  each  of  t h e  t h r e e  tempera tures ,  700, 800 and 
9OO0C, wi th  both t h e  p r e t r e a t e d  c o a l  and c o a l  impregnated wi th  1 0  w t . %  K2CO3. 

The e f f e c t  o f  C 0 2  concen t r a t ion  on t h e  g a s i f i c a t i o n  ra te  of 

An a d d i t i o n a l  6 runs  were made w i t h  a mixture  of s team,  N 2 ,  and H2 of 

Using t h e  d a t a  of each  exper iment ,  a number of  c a l c u l a t i o n s  were performed. 
The g a s i f i c a t i o n  r a t e  and carbon convers ion  were c a l c u l a t e d  from a ba lance  of 
carbon-containing r e a c t i o n  products .  The e x t e n t  of  r e a c t i o n  of t h e  steam was 
determined from a ba l ance  of hydrogen-containing o r  oxygen-containing products .  
Reactant and product g a s  p a r t i a l  p r e s s u r e s  were computed a t  t h e  r e a c t o r  i n l e t  
and o u t l e t .  From t h e s e  p a r t i a l  p r e s s u r e s ,  t h e  apparent  equ i l ib r ium c o n s t a n t s  of 
t he  water-gas s h i f t ,  carbon-steam, and carbon-HZ r e a c t i o n s  were c a l c u l a t e d .  F inn l lv .  
product gas  sums and o v e r a l l  m a t e r i a l  ba l ances  were determined f o r  each  experiment.  

Gas i f i ca t ion  r a t e  

The carbon g a s i f i c a t i o n  rate was g e n e r a l l y  h igh  i n i t i a l l y ,  decreased  r a p i d l y  
and then slowly decreased  throughout t h e  remainder of  t h e  run .  Fig.  2 shows 
t y p i c a l  r e s u l t s  ob ta ined  a t  70OoC wi th  a ca t a lyzed  c o a l  sample. The i n i t i a l  peal: 
i n  t h e  curve seemed t o  be caused by d e v o l a t i l i z a t i o n  of t h e  c o a l ,  which w a s  €01.- 
lowed by g a s i f i c a t i o n  of t h e  base  carbon i n  t h e  sample. 

TO o b t a i n  a q u a n t i t a t i v e  measure of t h e  r e a c t i o n  rate,  t h e  sh r ink ing ,  unreacted- 
core  model f o r  t h e  c a s e  of complete g a s i f i c a t i o n  of a s p h e r i c a l ,  s o l i d  p a r t i c l e  
under cond i t ions  of  chemical r e a c t i o n  rate c o n t r o l  w a s  used t o  desc r ibe  t h e  carbon 
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conversion-time da ta .*  The i n t e g r a t e d  form of t h e  equat ion  based on t h i s  model i s  

where Xc = carbon convers ion  
k = r e a c t i o n  r a t e  cons t an t  
Cs = concen t r a t ion  of gaseous r e a c t a n t  a t  p a r t i c l e  su r face  
n = r e a c t i o n  o rde r  
p p  = molar d e n s i t y  of p a r t i c l e  
R = i n i t i a l  r a d i u s  of p a r t i c l e  
t = t i m e  

In  gene ra l ,  the  model d i d  no t  f i t  t h e  i n i t i a l  d a t a  where d e v o l a t i l i z a t i o n  was 
occur r ing ,  bu t  a good f i t  was ob ta ined  over t h e  range  of carbon convers ions  from 
0 .3  t o  0.8. Applying t h e  model t o  d a t a  from a l l  t h e  runs  over t h e  range  of con- 
v e r s i o n s  from 0 .3  t o  0 . 7  us ing  l i n e a r  r e g r e s s i o n  a n a l y s i s  gave c o r r e l a t i o n  c o e f f i -  
c i e n t s  of 0.98 o r  l a r g e r  excep t  f o r  two runs  where the  c o e f f i c i e n t s  were 0.95 and 
0.91. 

To determine t h e  r e a c t i o n  o rde r  w i th  r e s p e c t  t o  steam concen t r a t ion ,  n ,  a m u l t i -  
p l e  l i n e a r  r e g r e s s i o n  a n a l y s i s  was performed on t h e  d a t a  from t h e  g a s i f i c a t i o n  ex- 
per iments  where only steam and n i t r o g e n  were used. Within the  s t anda rd  e r r o r  of the 
e s t i m a t e ,  the o v e r a l l  r e a c t i o n  o rde r  was one f o r  bo th  K2C03-catalyzed and uncatalyzed 
steam g a s i f i c a t i o n .  

Assuming f i r s t  o r d e r  k i n e t i c s  and us ing  t h e  Arrhenius  expres s ion ,  t h e  frequency 
f a c t o r  and a c t i v a t i o n  energy were c a l c u l a t e d  f o r  bo th  ca t a lyzed  and unca ta lyzed  
steam g a s i f i c a t i o n  of I l l i n o i s  No. 6 c o a l .  The de r ived  r e a c t i o n  r a t e  parameters  
a r e  summarized i n  Table 2 .  A s  expec ted ,  t h e  o v e r a l l  a c t i v a t i o n  energy was some- 
what lower f o r  ca t a lyzed  g a s i f i c a t i o n .  

Apparent Equilibrium Constant s 

The value of t he  apparent  water-gas s h i f t  equ i l ib r ium cons tan t ,  KS = (pC02) 
(pE2)/(pH20)(pCO), tended t o  dec rease  from t h e  time of peak g a s i f i c a t i o n  r a t e  u n t i l  
d e v o l a t i l i z a t i o n  was complete. From t h e  t i m e  d e v o l a t i l i z a t i o n  was complete u n t i l  
t h e  carbon had completely g a s i f i e d ,  t h e  va lue  observed was approximately cons t an t .  
The va lue  of KS f o r  each exper iment ,over  t h e  time f o r  which i t  was approximately con- 
s t a n t ,  i s  compared i n  F ig .  3 wi th  a l i t e r a t u r e  va lue  of KS over t h e  range  of 
tempera tures  from 7OO0C t o  900°C. 

Table 2 .  P.rrhenius parameters  f o r  steam g a s i f i c a t i o n  of I l l i n o i s  No. 6 coa l .  

Ma te r i a l  Standard e r r o r  Cor re l a t ion  
Gas i f i ed  Parameter Es t imate  of e s t i m a t e  Coef f i c i en t  

10% K2CO3- Ac t iva t ion  133 .7  kJ/mol 13.8 kJ/mol 0.931 
impregnated coa l  energy (31.7 kcal/mol) (3 .3  kcal/mol) 

Frequency 1 . 3 2  x l o 8  4.5 
f a c t o r ,  min-l 

Oxygen-pretreated Ac t iva t ion  151.5 kJ/mol 6 .3  kJ/mol 0.986 
coa l  (unca ta lyzed)  energy  (36.2 kcal/mol) (1.5 kcal/mol) 

2 .94  x lo8  2 . 1  -1 Frequency 
f a c t o r ,  min 

*For a d e r i v a t i o n  of t h e  model, s e e  Levensp ie l ,  0.  1972. Chemical Reaction Engineering. 
2nd ed. Wiley, New York. 
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The va lues  of KS f a l l  bo th  above and below t h e  t h e o r e t i c a l  curve.  Some devia- 
t i o n  is due t o  t h e  s e n s i t i v i t y  of KS t o  e r r o r s  i n  c a l c u l a t i o n  of product  g a s  p a r t i a l  
p re s su res .  A t  700°C, the  g a s i f i c a t i o n  rate w a s  slow and steam conversion was s l i g h t .  
Therefore ,  equi l ibr ium of the  water-gas s h i f t  r e a c t i o n  may not  have been reached. 
A t  800°C and 9OOOC apparent v a l u e s  o f  KS f o r  bo th  ca t a lyzed  and unca ta lyzed  g a s i f i c a -  
t i o n  a r e  c l o s e r  t o  t h e  t h e o r e t i c a l  curve  than  were t h e  va lues  a t  7OO0C. I f  a 20% 
margin of unce r t a in ty  i s  assumed, t h e  KS v a l u e s  of most experiments a t  9oo°C i n d i -  
c a t e  t h e  a t ta inment  of water-gas s h i f t  equ i l ib r ium.  

In  c o n t r a s t ,  t he  carbon-steam and carbon-H2 r e a c t i o n s  d i d  no t  appear t o  be i n  
thermodynamic equi l ibr ium.  
a t  any time during t h e  burnoff of t h e  carbon and both  va lues  were a t  least an o r d e r  
of magnitude smal le r  than t h e i r  t h e o r e t i c a l  va lue  dur ing  t h e  char g a s i f i c a t i o n  
per iod .  

Inf luence  of C02 on t h e  g a s i f i c a t i o n  rate 

Ne i the r  equ i l ib r ium cons tan t s  reached a c o n s i s t e n t  v a l u e  

To determine the  e f f e c t  of Cog p a r t i a l  p r e s s u r e ,  a series of 5 runs  w a s  made 
a t  cons t an t  steam f lowra te  whi le  va ry ing  t h e  C02 concen t r a t ion .  
c a r r i e d  ou t  wi th  10 w t . %  K2C03-impregnated coa l  a t  800°C and t h e  C02 p a r t i a l  p res -  
sure  was  v a r i e d  from 97 kF’a (0.96 a m )  t o  576 kPa (5.68 atm) us ing  a cons t an t  steam 
p res su re  of 1.35 MPa (13.3 atm).  

These runs  were 

The ca l cu la t ed  k i n e t i c  c o n s t a n t s  f o r  t hese  runs  were g e n e r a l l y  somewhat lower 
than t h e  va lue  determined wi th  pure  steam. However, t h e  d e v i a t i o n  was wi th in  t h e  
expected range  introduced by exper imenta l  e r r o r s .  Therefore ,  t h e  only  conclus ion  
t h a t  may be drawn from t h i s  set of exper iments  i s  t h a t  C02 concen t r a t ion ,  over  t h e  
range used, exer ted  a r e l a t i v e l y  small e f f e c t  on t h e  steam g a s i f i c a t i o n  r a t e  of  
KzCOg-impregnated c o a l  when compared wi th  t h e  e f f e c t s  of steam concen t r a t ion  and 
temperature.  

In f luence  of H2 on t h e  r e a c t i o n  r a t e  

Runs were made a t  700, 800 and 900°C wi th  bo th  10 w t . %  K2COg-impregnated coa l  
and un t r ea t ed  coa l .  A l l  6 runs  were done w i t h  t h e  same hydrogen and steam p a r t i a l  
p re s su res ,  namely 428  kPa (4.22 atm) and 1.69 MPa (16.7 atm),  r e s p e c t i v e l y .  

Hydrogen i n h i b i t e d  t h e  steam g a s i f i c a t i o n  r a t e  of bo th  coa l  samples.  The re -  
s u l t s  of t he  experiments wi th  t h e  K2COj-impregnated c o a l  showed t h a t  t h e  magnitude 
of t h i s  i n h i b i t i o n  decreased  w i t h  i n c r e a s i n g  tempera ture  f o r  t h e  ca t a lyzed  r e a c t i o n .  
Comparison of t h e  k va lues  ob ta ined  w i t h  and wi thout  H2 p re sen t  show t h a t  t h e  r a t i o  
of $ 2 0 1 H 2 / ~ 2 0  inc reased  from 0.13 a t  7OO0C t o  0.38 a t  900°C. 

va lues  was h igher  f o r  unca ta lyzed  c o a l  and d i d  not  change sys t ema t i ca l ly .  Th i s  r a t i o  
was 0.51 at 7OO0C, 0.27 a t  8OOOC and 0.47 at  90OoC. A t  atmospheric p r e s s u r e ,  t h e  
i n h i b i t i o n  of t h e  carbon-steam r e a c t i o n  by hydrogen i s  expected t o  dec rease  wi th  i n -  
c r eas ing  temperature because of t h e  r e l a t i v e  magnitudes of t h e  e lementary  a c t i v a t i o n  
ene rg ie s .  A t  h igher  p r e s s u r e s ,  t h e  t r end  i s  probably  more complicated,  s i n c e  t h e  
r e a c t i o n  s t e p s  lead ing  t o  CH4 product ion  a r e  s i g n i f i c a n t .  CHq gene ra t ion  r a t e s  were 
approximately t h e  same i n  t h e  char g a s i f i c a t i o n  p e r i o d s  f o r  r e a c t i o n s  both  i n  pure  
steam and i n  t h e  s t e a m / H 2  mixture .  
product gas  i n  t h e  experiments w i t h  t h e  steam/H2 mixture  than  i n  those  wi th  pure steam. 

The r a t i o  of t h e  k 

CH4 r ep resen ted  a g r e a t e r  percentage  of t h e  t o t a l  

Conclusions 

The o v e r a l l  g a s i f i c a t i o n  r e a c t i o n  was found t o  be  f i r s t  o rde r  w i th  r e spec t  t o  
steam concen t r a t ion ,  w i th  t h e  r a t e  being una f fec t ed  by C02 and i n h i b i t e d  by hydrogen. 
The v a r i a t i o n  o f  g a s i f i c a t i o n  rate wi th  carbon convers ion  was descr ibed  by t h e  un- 
r eac t ed ,  shrinking-core model, w i t h  t h e  rate cons tan t s  f o r  runs ca t a lyzed  by K2C03 
be ing  about fou r  t i m e s  t hose  f o r  unca ta lyzed  runs. The a c t i v a t i o n  ene rg ie s  f o r  the  



ca ta lyzed  and unca ta lyzed  r u n s  w e r e  134 and 152 W/mol,  r e s p e c t i v e l y .  
p roducts  of bo th  ca t a lyzed  and unca ta lyzed  steam g a s i f i c a t i o n  were H2 and Cog. The 
water-gas s h i f t  r e a c t i o n  reached equ i l ib r ium f o r  most experiments a t  900°C and some 
at 8OO0C, w i t h  t h e  presence  of K2CO3 having l i t t l e  e f f e c t  on t h e  approach t o  equ i l i -  
brium. 
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CATALYTIC EFFECTS OF ALKALI METAL SALTS IN THE GASIFICATION OF COAL CHAR 

D. W .  McKee, C. L. Spiro, P. G. Kosky and E. J. Lamby 

General Electr ic  Corpora te  Research & Development 
Schenectady, NY 12301 

INTRODUCTION 

Coal  is a complex and variable carbonaceous rock which is composed basically of two 
types of materials. The macerals  or carbonaceous remains of plants cons t i tu te  the  organic 
f ract ion of coal, with t h e  remainder comprising minerals or inorganic impurities present in the 
parent  vegetation or deposited subsequently. The major mineral components of coal include 
clays, alkaline carbonates, metal l ic  sulfides, oxides and quar t t l )  but the  minor and trace 
impurities may include most of t h e  e lements  of t h e  Periodic Table. 

The [f!@ivity and properties of coa l  can  be  profoundly influenced by these inorganic 
impurities. Currently, there  is  in te res t  not only in t h e  e f f e c t s  of mineral mat te r  on the  
chemical  behavior of coa l  bu t  also in t h e  possibility of adding catalysts  t o  coal in order to lower 
t h e  temperature  required for gasification processes. For example, i t  has  been known for over 
one hundred years  tha t  the  react ivi ty  of coa l  a f i  char  towards s team is promoted by the 
addition of alkalis, such a s  caust ic  soda or lime. There a r e  a number of processes under 
development today which utilize(& c a t a l y t i c  propert ies  of alkali carbonates  to improve the 
react ivi ty  of coal  in t h e  gasifier. Ear l ier  work has shown t h a t  t h e  carbonates  and oxides of 
t h e  alkali and alkaline ear th  meta ls  a r e  among t h e  mCtF'_flfFtive catalysts  for the  gasification of 

However, there  is still  no generally carbonaceous mater ia ls  in s team and carbon dio 
accepted explanation for  these ca ta ly t ic  e f fec ts .  T i 9  

This paper describes t h e  results of a continuing study of t h e  ca ta ly t ic  behavior of sal ts  of 
t h e  alkali metals  in t h e  gasification of coa l  c h a r  by s team and C 0 2 .  The main purpose of this 
work is t o  investigate possible mechanisms of t h e  catalysis and to  elucidate t h e  e f fec ts  of 
mineral impurities on t h e  reactivity of coa l  char. For this  purpose the behavior of a typical 
char  and a pure graphite powder have been compared in t h e  presence and absence of added 
alkali catalysts. In a companion paper  (13), t h e  e f f e c t s  of char  pyrolysis temperature ,  surface 
a r e a  and mode of catalyst  addition a r e  described. 

EXPERIMENTAL 

Mater ia ls  

The char used in this  work was prepared from a la rge  sample of Illinois i/6 HVB bituminous 
coal  f rom Inland Mine # I ,  Sessor, Illinois. Proximate and u l t imate  analyses of this coal  sample 
a r e  given in Table 1. The results of x-ray diffract ion on ash residues a f t e r  low temperature  
ashing (LTA) showed major amounts of kaol ini te  and minor amounts  of quartz  and pyrite. 

Initially the coal  was coarse  ground, homogenized, vacuum dried at lOS0C and then stored 
in a vacuum desiccator. In some c a s e s  sa l t  catalysts  were added to coal samples before 
pyrolysis. Thus, about 15 g. of t h e  dried coa l  was micronized in a nitrogen-driven fluid grinding 
mill to give a particle s ize  of t h e  order  of several microns. A known amount, generally 5 
percent ,  of the dried powder salt,  e.g., K C O  , CH3COOK, was then added to the  coa l  and the  
mixture  rolled for four hours in a rolling%ill! The doped samples were then placed in alumina 
crucibles  and pyrolyzed in nitrogen at 7OO0C for  2 hours. Observed weight losses of the  coal 
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samples during this pyrolysis were of t h e  order  of 30 percent. In other  cases  t h e  catalysts  were 
added a f t e r  charring at 7OO0C by mixing weighed amounts of sa l t s  and chgr together in a Fisher 
Minimill. The char samples had surface a reas  of approximately 280 m /g., a s  determined by 
C 0 2  adsorption a t  195'K. 

Spectroscopic grade graphi te  powder (-325 mesh, Type UCP-ZR, highest 9urity) was obtained 
from Ultra Carbon Corp. This mater ia l  had an initial surface a r e a  of 7.5 m /g., as determined 
by nitrogen adsorption at -195OC. 

The salt additives were Analytical Reagent  or Cert i f ied ACS Grade mater ia ls  and were 
used without fur ther  t rea tment .  The gaseous atmospheres used included Linde Instrument 
Grade carbon dioxide and Linde Ultra-High Purity Grade helium. For experiments in steam 
(water vapor), the  helium was passed through a distilled water  bubbler at 25OC to give a water 
vapor pressure of 23  mm. (3.1 kPa) in t h e  gas  s t ream. 

Proximate Analysis 

% Moisture % Volatiles % Fixed C BTU/lb 

As Received 0.72 9.68 39.45 50.15 12979 

Dry Basis 9.75 39.74 50.51 13073 

Free  Swelling Index = 5 

Ultimate Analysis 

% Moisture %c 'j%J % 0 (diff.) 

As Received 0.72 73.06 5.04 1.68 0.39 1.20 8.23 

Dry Basis 73.59 5.08 1.69 0.39 1.21 8.29 

Table I: Analyses of Illinois #6 Coal Sample 

Procedure 

Thermogravimetric studies and measurements  of t h e  isothermal kinetics of t h e  catalyzed 
gasification of char  and graphi te  in CO in t h e  Mettler 
Thermoanalyzer-2 automatically recordin% balance as previously described?Y') Kinetic mea- 
surements  a t  a series of constant  temperatures  between 600 and 1000°$ were made on 200 rng. 
samples o f - re  doped carbons, using flowing C02 a t  1 atm.  (1.02 x 10 kPa) and a flow ra te  of 
200 ml.min . Gasification in water  vapor was accomplished in p water  vapor-saturated helium 
stream (23 mm. H20,  3.1 kPa) at a flow r a t e  of 300 ml.min- . Kinetic da ta  were generally 
plotted in the form of Arrhenius plots ( ra tes  vs. I/T°K), t h e  gasification ra tes  a t  each 
temperature  being derived experimentally from t h e  relation, 

R a t e  (min-l) = dW/dt 

and water  vapor were carr ied 

wO 

where w is the  initial weight of t h e  sample. In a l l  cases, in order  to minimize t h e  e f fec ts  of 
changing'surface a r e a  and catalyst  concentration, t h e  to ta l  w i g h t  loss during gasification of 
each sample was kept  below 15 percent. 
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%me thermogravimetric measurements  of t h e  react ions between t h e  sa l t s  and the 
carbons and between t h e  sal ts  and selected minerals were carr ied out  b4; heatipg appropriate 
mixtures in the thermobalance a t  a linearly increasing tempera ture  of 10 Cmin- using flowing 
atmospheres of pure dry helium or carbon dioxide. 

RESULTS 

Catalyzed Gasification in Steam 

As expected, the  carbonates  of the  alkali metals  proved to  b e  e f fec t ive  catalysts  for the 
gasification of both char  and graphi te  in  s team. In the  c a s e  of the  char ,  t h e  addition of 5 
percent  by weight of t h e  sal ts  resulted in slightly more ac t ive  chars  when t h e  catalysts  were 
introduced prior to charring at 7OO0C ra ther  than physically mixed with t h e  char  a f t e r  charring 
(13). In general, the  react ivi ty  of t h e  doped chars  in s team decreased on successive thermal 
cycles  and with t ime a t  a constant  gasification temperature .  This effect will be discussed in 
more detai l  below. Figure 1 shows Arrhenius plots (gasification ra tes  vs. I/T°K) for  t h e  70OoC 
char doped with 5 percent  by weight of alkali carbonates  a f t e r  charring. These da ta  were 
obtained during t h e  second thermal  ciygij, in  each case. A similar order  of ca ta ly t ic  activity 
was observed previously for graphi te ,  although in this  case Na CO was slightly less active 
than K C O  . Pure graphite was considerably less react ive than &e uncatalyzed char  sample, 
h o w e v z  thz  ca ta ly t ic  e f f e c t s  of t h e  added sal ts  were more marked in t h e  former case,  so that 
t h e  catalyzed gasification ra tes  in s team were qui te  similar for both graphi te  and char  over the 
600-9OO0C temperature  range. Gasif icat ion ra tes  for  graphi te  doped with I and 5 wt. percent 
of t h e  alkali sal ts  were about t h e  same, whereas  with t h e  char  a progressive increase in rate 
was observed with increasing carbonate  concentrat ion up to 20 weight percent ,  a s  shown in 
Figure 2. This marked difference in behavior between graphi te  and char  was probably related 
to the  large difference in surface a r e a  between t h e  two mater ia ls  although t h e  ac t ive  s i te  area 
was not known in ei ther  case. However, with a series of chars ,  prepared in t h e  presence and 
absence of added catalysts, there  was no significant correlat ion between react ivi ty  and surface 
area. In fact, surface a reas  were generally somewhat smaller for  catalyst-doped samples than 
for uncatalyzed chars. Also t h e r e  was l i t t l e  differenff3jn gasification ra tes  when the char 
par t ic les  were ground from ca. 1 mm. s ize  to  ca. I pm. These results indicate t h a t  surface 
a reas  and particle size a r e  not important  parameters  in determining char  react ivi ty ,  at least for 
chars  of the same type and t h e  same hea t  t rea tment  history. In t h e  s team environment, 
Li C O  exhibiting somewhat 
IoJer activity. Other additives, such a s  KN03 and K$O: also st?owea substantial catalytic 
activity, whereas KCI was somewhat less active. 

As noted above, t h e  catalyzed char  samples showed a progressive loss in reactivity 
towards steam during t h e  experiments. This phenomenon, which was not observed with 
graphite, was studied in some detail.  Figure 3 shows kinet ic  d a t a  obtained with a char  sample 
doped with 5 weight percent  K C O  during three  successive thermal  cycles. The initially high 
gasification r a t e s  in s team fell%y 2 f a c t o r  of about two on t h e  second cycle  with progressively 
smaller deactivation e f fec ts  on subsequent cycles. Figure 4 shows t h e  results of isothermal 
ra te  measurements obtained a t  800°C for  char  samples initially doped with 2, 5 and 10 percent 
K2C03. In a l l  th ree  cases  a rapid drop in gasification r a t e  occurred during t h e  f i rs t  hour with 
more gradual decreases  during t h e  subsequent four  hours of the  experiments. In t h e  case  of the 
sample containing 10% KZCO , t h e  gasification r a t e  was so high t h a t  the  r a t e  began to 
decrease a f t e r  about 3 hours decause of loss of contac t  between the  catalyst  phase and the 
residual char substrate. 

In s team (water vapor) catalyst  deact ivat ion was observed for  every catalyst  additive 
tes ted,  regardless of whether t h e  sal t  was added before or a f te r  charring. Figure 5 shows data 
obtained from a char  sample to  which 5 wt. % potassium a c e t a t e  had been added before 

3 

was clear ly  t h e  most ac t ive  catalyst ,  with Na C O  and K C O  
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charring a t  70OoC. Again a marked progressive loss in act ivi ty  was found on successive thermal  
cycles, accompanied by an increase in t h e  apparent  activation energy from 18 to  51 Kcal/mole 
during the  four cycles shown. 

AS i t  was found tha t  this progressive deactivation did not occur during t h e  catalyzed 
s team gasification of graphite, i t  appeared unlikely tha t  the  effect was due to  sintering, 
agglomeration or vaporization of t h e  sal t  catalyst. I t  seemed more probable t h a t  catalyst  
deactivation was related to reaction of the  alkali sal ts  with minerals such a s  quartz, clay, 
kaolin, and pyrite present in t h e  char  samples. Some experiments  were therefore  carr ied out  in 
the thermobalance, using mixtures of K co with these mineral species, to  determine if solid 
State reactions might occur at tempera tures  in t h e  gasification range (600-10OO0C). 

(dashed curve) and for  a mixture of 200 mg. K C O j  and 200 mg. powderedguartz  (solid curvej  
on heating in a stream of dry helium during a h e a r  temperature  rise of 10 C/min. Following 
an initial dehydration at 10O-15O0C, the  pure sal t  showed no fur ther  weight loss on heat ing to 
98OoC and a slight loss a t  higher temperatures  due t o  vaporization above the  melting point. On 
t h e  other  hand, the mixture of sal t  and quar tz  lost weight rapidly a t  temperatures  above 75OoC, 
probably as a result of evolution of C 0 2  by reactions of the  type 

2 3  

Figure 6 shows thermograms (weight change vs. temperature) for  200 mg. pure K 2 C 0  

K2C03 + Si02  = K2Si03 + C 0 2  

A variety of silicate-forming react ions a r e  in f a c t  possible. The ex ten t  of these react ions a t  a 
given temperature  and t h e  temperature  of inception of t h e  solid state reactions would be 
expected to depend on t h e  par t ic le  s ize  and interfacial contac t  a rea  between t h e  solid phases. 
Also the  presence of CO Similar 
thermogravimetric da ta  f &  (A) 200 mg. pure K 2 C 0  , (8) 200 mg. of powdered illite clay, and a 
mixture of 200 mg. K CO and 200 mg. illite, a r e  saown in Figure 7. The curve labelled (A+B) 
is t h e  sum of curves ?A) 2nd (B) and represents  t h e  weight changes expected for a salt-illite 
mixture if no reaction occurred between t h e  two phases. I t  is evident f rom the  lower solid 
curve in Figure 7 t h a t  a reaction between t h e  clay and the  sa l t  took place above 7OO0C with a 
continuous loss in weight of t h e  sample, probably a s  a result of liberation of C 0 2 .  The 
composition of the  mineral illite, a complex aluminosilicate, is, however, indefinite, so no 
equation can be wri t ten for this reaction. Illite, however, is an important  major mineral 
const i tuent  in many coals. Similar da ta  f o r  kaolin-K C O  mixtures a r e  shown in Figure 8. A 
comparison of curve (A+B) for  kaolin t K C O  with n i  redction and curve C, t h e  experimental 
thermogram for t h e  mixture, indicates t z a t  2 reaction between the  mineral and t h e  sal t  took 
place a t  temperatures  above 7OO0C with the  loss of a volatile product, most likely C 0 2 .  In a 
C O  atmosphere, this reaction was inhibited (curve D), but even in this case  a marked loss in 
weight occurred above 90OoC. A possible reaction between t h e  sal t  and t h e  kaolin is 

in the  g a s  phase would tend t o  suppress these reactions. 

2 

A12Si205(0H)4 + K2C03 = 2KAISi04 + 2 H 2 0  + C 0 2  

The expected weight loss for  t h e  completion of this reaction is 60 mg, which corresponds 
closely to the  experimental loss in weight of the  kaolin-salt mixture between 650 and llOOoc. 
The reaction of potassium sa l t s  with t h e  mineral const i tuents  of fly ash to  Droduce t h e  water- 
insoluble minerai k ~ i j l i t e  (KAISi04) has  been reported by Karr  et. al. to occur in t h e  presence 
of s team at 85OoC. 

Catalyzed Gasification in C 0 2  

As expected, t h e  alkali meta l  carbonates  were found to  be  ac t ive  catalysts  for  
r in CO . Results for  t h e  catalyzed gasification of graphite have been 

2 

gasification of coal  
reported previously.flfi) With zoal c h a r  t h e  kinetic da ta  were much more reproducible in CO 

7 7  



than in steam. Figure 9 shows d a t a  obtained for  a char-5% K C O  Qhe same sample a s  t h a t  
used in Figure 3) on gasification in 1 a tm.  C 0 2  between 600 a8d 980 C. In this case, during 
four  successive thermal  cycles  t h e  kinet ic  data  were remarkably constant ,  with only a slight 
decrease in r a t e s  between t h e  f i r s t  and second cycles. The apparent  activation energy for this  
ser ies  of experiments  was 49.3 Kcal/mole. Similar da ta  for a char  sample to which 5 % K co 
had been added before  t h e  700°C charr ing step a r e  shown in Figure 10. Again, following a {mad 
reduction in gasification r a t e s  between t h e  first and second cycles, t h e  reactivity ota further 
cycling was reproducible, with an apparent  activation energy of 53.8 Kcal/mole. Comparison 
with Figure 9 indicates tha t  t h e  ca ta ly t ic  e f f e c t  of t h e  K CO was similar regardless of 
whether the  sal t  was added before  or a f t e r  charring. Similar J a t a l o r  a CH3COOK-doped char 
sample a re  shown in Figure 11. In this  case also, following a slight reduction in reactivity 
between cycles  I and 2, subsequent kinet ic  da ta  were qui te  reproducible. Comparison with 
Figure 5 shows t h e  marked difference in behavior of this doped char  sample in t h e  two gaseous 
environments. 

Gasification da ta  in C02 for  char  doped with 5% Li C O  Na C O  and K C O  (added 
prior to charring) a r e  shown in Figure 12. In this envi?onrr?&t d i e r d  was n b  si2nificant 
difference in act ivi ty  between t h e  t h r e e  sal ts  when compared on a weight % basis. The effect 
of increasing concentrat ion of K C O  (added prior to charring) on t h e  C 0 2  gasification kinetics 
is illustrated in Figure 13. ReagtivAy generally increased with K C O  concentration, a t  least 
up to the  20% level, however, t h e  effect on apparent act ivat ion eneqgy was small. 

React ion between Alkali Carbonates  and Carbon 

When K C O  is heated with carbon in an iner t  atmosphere, a solid s t a t e  reaction takes 
place between2 60d and 9OO0C, depending on the  par t ic le  size and extent  of physical contact 
between the two phases. The products of this r tion a r e  CO and potassium vapor which 
sublimes into t h e  cooler par t s  of t h e  appara tusfB Figure 14 shows thermograms (weight 
changes vs. temperature)  for  K2CO3_char and K2C03-graphite mixtures on heating in dry 
helium in t h e  thermobalance at an increasing tempera ture  of 10°C/min. In t h e  case of 
graphite, loss in weight became marked above 800°C and the  reaction was essentially 
completed at 1000°C. The char  had a much larger surface a r e a  than t h e  graphite and reaction 
with t h e  salt began at about  600OC. This solid state reaction, which takes  place in the 
gasification range, i s  believed t o  play t y o i w o r t a n t  role  in t h e  gasification of carbon with C 0 2  
or s t e a m  in t h e  presence of t h e  K 2 C 0  ' 

3 

3 

a s  discussed in t h e  next section. 

DISCUSSION 

The react ivi t ies  of coa l  chars  a r e  obviously strongly influenced by a number of factors 
such as charring tempera ture  and thermal  history, pore s ize  distribution and t h e  presence of 
ubiquitous mineral impurities. However, t h e  ca ta ly t ic  behavior of additives such a s  t h e  alkali 
m e t a l  carbonates  is similar for  char  and graphi te  and t h e  same mechanisms probably operate  in 
both cases. 

The main effect of t h e  sal t  ca ta lys t s  (Figures 1,2,12,13) in both gasification reactions is 
to increase the pre-exponential f a c t o r  of t h e  r a t e  equation. Changes in the  apparent activation 
energy are  small f rom ca ta lys t  to ca ta lys t  and on increasing t h e  sal t  concentration. The most 
likely explanation of this  effect is t h a t  t h e  sa l t  reacts  with the  char  substrate  t o  produce active 
s i tes  on the  surface where gasification can proceed. Increasing t h e  amount of sal t  present 
increases  the  e f fec t ive  concentrat ion of these act ive s i tes  up to t h e  point a t  which t h e  surface 
becomes saturated. 

A plausible mechanism which has  been proposed p r e v i o ~ s l y ( ~ ~ , ~ ~ ~ ~ ~ )  t o  account for  the 
ca ta ly t ic  e f fec ts  of Na2C03 and K 2 C 0  in these reactions is  shown in Table 11. A common first 3 



step, reaction ( I )  is suggested f o r  both reactions, with the  subsequent s teps  being different  for 
C 0 2  and H 2 0  a s  the  gaseous oxidant. 

C - C 0 2  REACTION M2C03 + 2C = 2M + 3CO 
2M + co2 = M 2 0  + co 
M20 + C 0 2  = M2C03 

c + co2 = 2 c o  

M2C03 + 2C = 2M + 3CO 

2M + 2 H 2 0  = 2MOH + H2 
2MOH + CO = M2C03 + H2 

(2) 

(3) 

(1) 

(4) 

( 5 )  

C - H 2 0  REACTION 

C + H 2 0  = CO + H2 

Table n: Carbon Gasification Catalyzed by Na2C03 or K2C03 

Although reaction (I)  possesses a positive f r e e  energy change a t  temperatures  in t h e  600- 
1000°C range, a t  low partial pressures of CO t h e  reaction can  proceed rapidly, as shown by the 
TGA data  in Figure IS. Figure IS shows the  equilibrium stability regions of K C 0 3  and K(P,  for 
reaction (l) ,  calculated from f r e e  energy da ta ,  a s  functions of temperaturg and t h e  partial 
pressures (in atmospheres) of K(g) and CO. The sloping lines at each temperature  separa te  the 
region of stability of % C 0 3  (upper left) from tha t  of K(g) (lower right). An overall gasification 
r a t e  of 5 x IO- min- (about t h e  m a x i m u 3 a t t a i n e d  in this study a t  9OO0C) would give an 
ambient partial pressure of CO of about 10 At this 
value of Pco, and with a similar value of PK, Figure 15 indicates  t h a t  reaction (1) would be 
thermodynamically possible for a l l  temperatures  above about 800°C. At a tempera ture  of 
6OO0C t h e  measured gasification ra te ,  and t h e  ambient value of P a r e  about two orders  of 
magnitude ess  than a t  9OO0C and Figure 15 shows tha t  react ion (IF?: again possible for  P 
Pco = IO- atm.  The s teady state values of P reaction will in f a c t  b e  much less than $ = 
because of the  occurrence of react ions (2) and [f& DiFect evidence t h a t  reaction ( 3 )  does oc%? 
has recently been obtained by Wood et al., using high temperature  Knudsen cell mass 
spectrometry. On heating K C 0 3  and carbon together a t  temperatures  of 500°C and above, the  
evolution of K vapor and 20 could be measured. Thus, reaction ( I ) ,  which is inhibited by 
increasing amounts of C O  in t h e  gas  phase, is probably t h e  r a t e  determining s tep in t h e  case of 
t h e  gasification react ions catalyzed by N a 2 C 0  and K CO . React ions (2) and (3) and also (4) 
and ( 5 )  have large negative f r e e  energy values a? gasifi&tiofi temperatures  and a r e  thus favored 
thermodynamically, although l i t t l e  is known about their kinetics. 

a tm.  above the  gasifying char  sample. 

?l 

A somewhat different  pathway probably operates  in t h e  case of the  reactions catalyzed by 
Li C O  is more easily 3 hy&olyzed t o  Aydroxide than t h e  carbonates  of Na and K. A possible sequegce Jf reactions tha t  
might be involved in t h e  catalysis process in t h e  case of Li C O  is shown in Table Ill below. 
Evidence for t h e  occurrence of these individual reactions is &ill,%owever, indirect and future  
e f for t s  will b e  directed to exploring t h e  catalyt ic  process by t h e  aid of isotopic t r a c e r s  and in 
determining t h e  relat ive ra tes  of the  elementary s teps  involved in t h e  catalyzed gasification 
process. 

as Li 0 is more s table  than the  oxides of Na and K, also Li CO 
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C - C 0 2  REACTION 
L i 2 C 0 3  + C = LizO t ZCO 

L i 2 0  + C 0 2  = Li2C03 

c + co* = 2 c o  

C - H 2 0  REACTION 

C + HzO = C O  + H2 

Table IIi: Carbon Gasification Catalyzed by Li2C03 

The above mechanistic schemes, although feasible for t h e  alkali carbonates, cannot 
readily explain t h e  observed ca ta ly t ic  act ivi ty  of t h e  alkali halides in these reactions. Such 
sa l t s  a s  KF, NaF and LiCl have been found to be  moderately ac t ive  catalysts  for the 
gasification of both char and graphite in s t e a m  and CO The route  by which the  alkali halides 
funct ion as  ca ta lys t s  in these react ions is not  c lear  aT this point. Direct  reduction of these 
sa l t s  to alkali meta l  by reaction with t h e  carbon substrate  seems unlikely on  thermodynamic 
grounds. However, although t h e  direct  hydrolysis reaction 

KF + H 2 0  = KOH + H F  A CYlooK = +24 Kcal/mole 
has  a positive f r e e  energy change a t  gasification temperatures ,  appreciable and catalytically 
ac t ive  concentrat ions of KOH might be  formed in a flowing gas in which t h e  partial pressure of 
HF is  low. KF-char m i x t y f g j  have, in fact, been observed to evolve appreciable amounts  of HF 
during s team gasification, hence dissociation and hydrolysis of t h e  KF sal t  evidently does 
occur  in t h e  presence of carbon and steam. In CO t h e  mechanism of catalysis  by KF cannot be 
interpreted on this  basis. I t  is interest ing,  however, t h a t  t h e  alkali hali a l t s  a r e  also 
moderately act ive ca ta lys t s  for t h e  oxidation of carbon b molecular oxygen. On heating a 
mixture  of graphite powder and pure KF in ai r  a t  900 C until t h e  carbon was completely 
gasified, the  residue was found by analysis to contain appreciable amounts  of K 0 (2.4% by 
weight). A similar experiment with pure NaCl produced lower (0.4%) amounts  of &a 0. As no 
oxides could be de tec ted  in t h e  original halide salts, t h e  catalyt ical ly  ac t ive  alkali Zxides may 
have resulted from t h e  oxidation of t h e  halides during t h e  gasification of the  carbon, possibly by 
a react ion of t h e  type  

2 
$95 

cy 

2NaCI + C + 3/2 O2 = NazO + C 0 2  + CI2 A CYlooK = -1 I Kcal/mole 

though other  halogenated species, such as HX, COX2, HOX and t h e  like could be  formed in low 
concentrations. 

CONCLUSIONS 

The catalyt ic  e f f e c t s  of alkali carbonates  and other  sal ts  in the  gasification of coal  char  
and graphi te  in s team and CO have been studied. Although t h e  pat terns  of ca ta ly t ic  act ivi ty  
for t h e  various additives were2similar for  both char  and graphite, t h e  react ivi ty  of the  char  was 
influenced by fac tors  such as charring tempera ture ,  porosity and the  presence of mineral 
impurities. 

On increasing t h e  charring tempera tures  from 7OO0C to 9OO0C, there  was a marked 
decreased in reactivity towards both s team and C02,  presumably due  to loss in porosity of the  
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char  or annealing of ac t ive  s i tes  a t  the  higher temperature .  Non-porous graphite had a much 
lower surface a r e a  than t h e  char  and a lower reactivity, in t h e  absence of catalysts. However, 
within a series of char  samples prepared at t h e  same tempera ture ,  there  was no significant 
correlat ion between reactivity and sur face  area.  In f a c t ,  surface a reas  were slightly reduced 
when sal t  catalysts  were added to  char  samples, even though t h e  reactivity was increased 
considerably. Also, the  reactivity of the catalyzed samples  proved not t o  be strongly dependent 
on t h e  mode of addition of the  catalyst  and physical mixing of t h e  sal t  with the pre-carbonized 
char  was almost a s  effect ive a s  adding the  ca ta lys t  prior t o  charring. 

' 

, 

1 

An observation of important  pract ical  implication was t h e  progressive and rapid initial 
loss in catalyt ic  activity during gasification a t  constant  tempera ture  and on thermal  cycling 
between gasification temperatures  and ambient. This effect, which was much more marked in 
s team than in CO appeared to be the result of react ion of the  sal t  additives with mineral 
m a t t e r  in t h e  char yo form stable  iner t  silicates and aluminosilicates. 

Thermodynamically feasible mechanisms for t h e  alkali carbonate  catalysts  which involve 
sequences of oxidation/reduction react ions with t h e  intermediate  formation of alkali metal  or 
oxides have been discussed. The moderate  ca ta ly t ic  act ivi ty  of cer ta in  alkali halide sal ts  is 
however difficult to  explain on this  basis. 

ACKNOW LEDCEMENT 

Support of this work by t h e  US Department  of Energy (Contract  No. DE-ACZI-8OMC 
14591) is  gratefully acknowledged. 

81 



1. 

2. 

3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

11. 

12. 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

References 

N. Berkowitz, "An Introduction to Coal  Technology," Chapt. 2, Academic Press, NY (1979). 

K. Otto, L. Bartosiewicz and M. Shelef, Fuel 8, 85 (1979). 
A. Linares-Solano, 0. P. Mahajan and P. 1. Walker, Jr., Fuel  3, 327 (1979). 
K. J. Huttinger and W. Krauss, Fuel  60, 93 (1981). 
T. du Motay, British Pa ten t  2458 (1967). 

J. E. Gallagher, Jr., and C. A. Euker, Jr., Energy Research 2, 137 (1980). 
A. L. Kohl, R. B. Harty, J. G. Johanson and L. M. Naphtali, Chem. Eng. Prog., 74, 73 
(1978). 

A. E. Cover, W. C. Schreiner and C. T. Skaperdas, Chern. Eng. Prog., 69, 31 (1973). 
N. Kayembe and A. H. Pulsifer, Fuel 55, 211 (1976). 
M. 3. Veraa and A. T. Bell, Fuel 57, 194 (1978). 
D. W. McKee, Carbon E, 419 (1979). 
D. W. McKee, "Chemistry and Physics of Carbon," P. L. Walker and P. A. Thrower, Eds., 
Vol. 16, p. 1, Marcel Dekker, NY 1981. 

C. Spiro, D. McKee, P. Kosky, E. Lamby, and D. Maylotte, to b e  published. 

D. W. McKee and D. Chatter j i ,  Carbon 13, 381 (1975). 
D. W. McKee and D. Chat ter j i ,  Carbon 16, 53 (1978). 
C. Karr, P. Waldstein and J. Kovach, J. Inst. Fuel c, 177 (1974). 
B. J. Wood, K. M. Sancier, J. G. McCarty and H. Wise, "The Mechanism of the  Catalytic 
Gasification of Coal Char," Technical Progress Report ,  SRI International, January 1981, 
DOE Contract  No. DE-AC21-14593. 

R. Lang, Exxon Research and Engineering Co., unpublished observations. 

0. W. McKee, unpublished observations. 

, 
82 



r 

83 



rn 'm 

L u. 

t 
m - 
L 

84 



D 

LL 

I " " " '  ' """" ' f ' " ' ' ' '  ' I= 

N 

D 

Y 

c 

m z 

D 

Y 

? 
D 
Y 

85 





i 5360-096bw 

KINETICS OF POTASSIUM CATALYZED GASIFICATION 

P. Knoer and H. W.  Wong. Exxon Research and E n g i n e e r i n g  Co., Baytown 
Research and Development D i v i s i o n ,  P .  0. Box 4255, Baytown, Texas 77520. 

Commercial a p p l i c a t i o n s  o f  t h e  potass ium c a t a l y z e d  c o a l  g a s i f i c a t i o n  
r e a c t i o n  (CCG) a r e  e n v i s i o n e d  t o  i n c l u d e  h i g h  p r e s s u r e  (2000 t o  4000 kPa) and 
h i g h  c o n c e n t r a t i o n s  of hydrogen i n  t h e  g a s i f i c a t i o n  r e a c t o r  (1, 2, 3 ) .  
l i s h e d  l i t e r a t u r e  r e g a r d i n g  CCG, however, r e p o r t  s t u d i e s  c o n d k t F d  Tt low 
p ressu re  o r  w i t h  low c o n c e n t r a t i o n s  o f  hydrogen o r  b o t h  (4, 5, 2). 
presen t  s t u d y  was conducted t o  i n v e s t i g a t e  t h e  g a s i f i c a t i 7 n  r e a c t i o n  under  
commerc ia l l y  r e p r e s e n t a t i v e  c o n d i t i o n s .  Thus, p r e s s u r e  was v a r i e d  from 100 t o  
3500 kPa and hydrogen c o n c e n t r a t i o n  was v a r i e d  f rom 0 t o  60%. 
c o n d i t i o n s ,  such as tempera tu re  and c a t a l y s t  l oad ing ,  were a l s o  v a r i e d  i n  t h i s  

d a t a  from t h i s  s t u d y  were combined w i t h  m e c h a n i s t i c  i n f o r m a t i o n  f rom t h e  
l i t e r a t u r e  ( 6 ) .  
t h e  l i t e r a t u r e  mechanism. 
regressed u s i n g  ove r  1200 p i e c e s  o f  da ta .  
and t h e  d a t a  i s  v e r y  good. 

\ 

Pub- 

The 

Other  r e a c t i o n  

1 s t u d y  t o  check p u b l i s h e d  r e s u l t s  a t  t hese  more r e p r e s e n t a t i v e  c o n d i t i o n s .  The 

On ly  one k i n e t i c  model was found  wh ich  f i t  b o t h  t h e  d a t a  and 
The two a d j u s t a b l e  c o n s t a n t s  f o r  t h i s  model were 

The o v e r a l l  f i t  between t h e  model 

Exper imenta l  Apparatus 

Th is  exper imen ta l  program was c a r r i e d  o u t  u s i n g  a one atmosphere 
m i n i - f l u i d  bed r e a c t o r  and a f i x e d  bed r e a c t o r  capab le  o f  o p e r a t i n g  a t  h i g h  
p ressu re .  The atmospher ic  p r e s s u r e  u n i t  was used t o  s t u d y  v a r i a t i o n s  i n  
c a t a l y s t  l o a d i n g  and temperature.  These s t u d i e s  were conducted u s i n g  b o t h  
H20 o n l y  and H20/H2 m i x t u r e s ,  u s i n g  cha rs  f rom s teady  s t a t e  p i l o t  p l a n t  
o p e r a t i o n s  and cha rs  p repared  b y  d e v o l a t i l i z a t i o n  i n  t h e  l a b o r a t o r y .  

A schemat ic  d iagram o f  t h e  m i n i - f l u i d  bed r e a c t o r  u n i t  i s  shown i n  
F i g u r e  1. The r e a c t o r  p o r t i o n  o f  t h e  u n i t  c o n s i s t s  o f  a 0.6 cm I . D .  q u a r t z  
U-tube i n s i d e  a h o t  s t e e l  b l o c k .  Water i s  f e d  t o  t h e  U- tube u s i n g  a sma l l  
s y r i n g e  pump and i s  v a p o r i z e d  i n  t h e  r e a c t o r .  Argon o r  hydrogen gas i s  a l s o  
f e d  t o  t h e  u n i t .  Ceramic beads a r e  p laced  i n  t h e  i n l e t  l e g  o f  t h e  U- tube t o  
enhance t h e  v a p o r i z a t i o n  o f  wa te r  and t o  h e l p  d i s p e r s e  t h e  gas f l o w .  
gases f rom t h e  r e a c t o r  f l o w  i n t o  an o x i d i z e r  where a l l  ca rbon  spec ies  a r e  
conver ted  t o  carbon d i o x i d e .  A f t e r  condensing any un reac ted  steam, t h e  gas 
stream i s  bubbled th rough  a sodium h y d r o x i d e  s o l u t i o n  where t h e  amount o f  
t o t a l  carbon conver ted  i s  a u t o m a t i c a l l y  m o n i t o r e d  b y  measur ing  t h e  conduc- 
t i v i t y  o f  t h e  s o l u t i o n .  

i z e  t h e  char  p a r t i c l e s .  
which i s  e q u i v a l e n t  t o  about 7 cm/sec l i n e a r  s u p e r f i c i a l  v e l o c i t y  i n  t h e  
r e a c t o r  a t  700°C. The minimum f l u i d i z i n g  v e l o c i t y  o f  t h e  cha r  p a r t i c l e s  i s  
3-4 cm/sec. 
m i n i f l u i d  bed. 

The e x i t  

The argon o r  hydrogen gas f e d  t o  t h e  m i n i - f l u i d  bed se rves  t o  f l u i d -  
The gas r a t e  i s  t y p i c a l l y  about 40 cc /m in  STP 

Char sample s i z e s  v a r i e d  f rom 0.25 grams t o  1.00 gram i n  t h e  
The wa te r  f e e d  r a t e  ranged f rom 0.2 t o  2.5 m l /hou r .  
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The f i x e d  bed r e a c t o r  was used p r i m a r i l y  t o  s tudy  p r e s s u r e  e f f e c t s .  
r u n s  i n  the  f i x e d  bed were made a t  700°C u s i n g  l a b o r a t o r y  prepared cha r .  
V a r i a t i o n s  were made i n  f e e d  gas c o m p o s i t i o n  and f l o w  r a t e .  
d iagram o f  t h e  f i x e d  bed u n i t  i s  shown i n  F i g u r e  2.  The u n i t  c o n s i s t s  o f  a 
h i g h  p ressu re  wa te r  pump, steam genera to r ,  f i x e d  bed r e a c t o r ,  condenser f o r  

A l l  

A s i m p l i f i e d  f l o w  

unreacted steam, gas chromatographs, and d r y  gas f l o w  measurement system. I 

The r e a c t o r  i t s e l f  i s  a one - inch  Schedule 80 t y p e  316 s t a i n l e s s  s t e e l  
p i p e .  The p i p e  h o l d s  a c h a r  sample i n s i d e  a s p l i t  t ube  fu rnace .  

E f f e c t  o f  V a r y i n g  Potass ium-to-Carbon R a t i o  

r a t i o  of po tass ium- to -ca rbon  ( K / C )  i n  t h e  r e a c t o r  w i l l  change as w e l l .  
Therefore, t h e  e f f e c t  o f  c a t a l y s t  l o a d i n g  on k i n e t i c s  must be known i n  
o r d e r  t o  be ab le  t o  o p t i m i z e  i n i t i a l  c a t a l y s t  l o a d i n g  as w e l l  as o v e r a l l  
carbon c o n v e r s i o n  f o r  t h e  CCG process.  Exper iments were conducted i n  t h e  
atmospher ic  m i n i - f l u i d  bed r e a c t o r  t o  de te rm ine  t h e  e f f e c t  o f  carbon con- 
v e r s i o n  and c a t a l y s t  l o a d i n g  on t h e  g a s i f i c a t i o n  r a t e .  

P l o t t i n g  t h e  i n i t i a l  g a s i f i c a t i o n  r a t e s  a g a i n s t  t h e  wa te r  s o l u b l e  K / C  
r a t i o  r e v e a l s  an a p p r o x i m a t e l y  l i n e a r  r e l a t i o n s h i p  between t h e  two as shown i n  
F igu res  3 and 4. 

Th i s  suggests  t h a t  t h e  r a t e  o f  g a s i f i c a t i o n  i s  p r o p o r t i o n a l  t o  t h e  con- 
c e n t r a t i o n  o f  a (C-K) s p e c i e s  r a t h e r  t h a n  carbon o r  po tass ium c o n c e n t r a t i o n s  
p e r  se. A t  h i g h  carbon c o n c e n t r a t i o n s  and low  K / C  r a t i o s ,  t h e  c o n c e n t r a t i o n  o f  
t h e  (C-K) spec ies  i s  p r o p o r t i o n a l  t o  t h e  c o n c e n t r a t i o n  o f  (K)  s i n c e  t h e r e  i s  
an overabundance o f  (C ) .  The g a s i f i c a t i o n  r a t e  t h u s  appears t o  be independent 
o f  carbon C o n c e n t r a t i o n  (;.e., ze ro  o r d e r  k i n e t i c s ) ,  A t  low carbon concen t ra -  
t i o n s  and h i g h  K/C r a t i o s ,  t h e r e  i s  an overabundance o f  (K). The g a s i f i c a t i o n  
r a t e  w i l l  t hen  appear t o  be f i r s t  o r d e r  w i t h  r e s p e c t  t o  carbon.  From s t u d i e s  
of  p i l o t  p l a n t  chars,  t h e  demarca t ion  between h i g h  and low K / C  r a t i o s  appears 
t o  be about  0.2 mole C/mole w a t e r  s o l u b l e  potass ium. 

V a r i a t i o n  o f  React  i o n  Temperature 

The dependence of g a s i f i c a t i o n  r a t e  on tempera tu re  was s t u d i e d  i n  t h e  
m i n i - g a s i f i e r ,  b o t h  w i th  and w i t h o u t  H2 i n  t h e  feed  gas. 

F i g u r e  5 shows t h e  measured r e a c t i o n  r a t e s  as a f u n c t i o n  o f  t empera tu re  
f o r  exper imen ts  b o t h  w i t h  and w i t h o u t  H2 i n  t h e  r e a c t o r .  The apparent  tem- 
p e r a t u r e  dependence changes as t h e  c o m p o s i t i o n  o f  t h e  gas f e d  t o  t h e  r e a c t o r  
changes. 
g a s i f i c a t i o n  r a t e  i s  v e r y  s e n s i t i v e  t o  tempera tu re  changes. G a s i f i c a t i o n  
r a t e  app rox ima te l y  h a l v e s  f o r  each 25°C d rop  i n  r e a c t o r  t empera tu re  below 
700'C. 

If t h e  o v e r a l l  ca rbon  c o n v e r s i o n  i s  a l t e r e d  i n  t h e  CCG r e a c t o r ,  t h e  

T h i s  i s  c o n s i s t e n t  w i t h  t h e  e a r l i e r  f i n d i n g s  by o t h e r s  (a). 

From F i g u r e  4 i t  i s  seen t h a t  f o r  H20 + H2 i n  t h e  feed  gas, 
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There i s  an i n t e r a c t i o n  between feed  gas c o m p o s i t i o n  and apparent  
temperature dependence because t h e  m i n i - r e a c t o r  i s  an i n t e g r a l  r e a c t o r .  F o r  
example, when pu re  steam i s  i n t r o d u c e d  a t  t h e  bo t tom o f  t h e  bed of char ,  
a m i x t u r e  o f  H20 + Hp i s s u e s  f rom t h e  t o p  of t h e  bed. 
changes, t h e  gas compos i t i on  a t  v a r i o u s  l o c a t i o n s  i n  t h e  r e a c t o r  changes even 
though t h e  feed  gas remains t h e  same. 
some o f  t h e  change i n  r a t e  i s  due t o  a c t i v a t i o n  energy,  b u t  some o f  t h e  change 
i s  due t o  gas compos i t i on .  A r e a c t o r  model which pe r fo rms  an i n t e g r a t i o n  ove r  
t h e  bed i s  r e q u i r e d  t o  account f o r  b o t h  e f f e c t s .  
i n  t h e  nex t  s e c t i o n  o f  t h i s  r e p o r t  has i d e n t i f i e d  t h e  t r u e  a c t i v a t i o n  energy 
as about 50 k c a l / g  mole. 

As t h e  r a t e  o f  r e a c t i o n  

There fo re ,  as tempera tu re  changes, 

Our mode l i ng  work d i scussed  

G a s i f i c a t i o n  Rate Express ion  

Dur ing  an e a r l i e r  phase o f  research  on t h e  CCG process,  a screen-  
i n g  o f  g a s i f i c a t i o n  r e a c t i o n  r a t e  models was r e p o r t e d  by Vadovic and Eakman 
(5) .  I n  t h i s  screening,  a l l  comb ina t i ons  of f r o m  one t o  f o u r  i n h i b i t i o n  terms 
i n v o l v i n g  t h e  p a r t i a l  p ressu res  of H2, CO, H20, and t h e  c r o s s  p r o d u c t s  o f  
t h e  p a r t i a l  p ressu res  o f  H2and CO, and Hp and H 0 were t e s t e d  i n  t h e  denomina- 
t o r  o f  t h e  g a s i f i c a t i o n  r a t e  exp ress ion .  In a l i ,  t h e y  t e s t e d  t h i r t y  models. 
Those models which gave n e g a t i v e  c o e f f i c i e n t s  on r e g r e s s i o n  were d i sca rded  as 
be ing  p h y s i c a l l y  u n r e a l .  Four  a d d i t i o n a l  models were d i s c a r d e d  because t h e y  
gave an i n f i n i t e  r a t e  f o r  a pu re  s t e m  envi ronment .  
t e s t e d ,  t h r e e  models remained which gave good f i t  t o  t h e i r  d a t a .  
t h r e e  are l i s t e d  below.  

O f  t h e  t h i r t y  models 
These 

Fo r  t h e i r  sc reen ing  o f  g a s i f i c a t i o n  r a t e  models, Vadovic  and Eakman used 
d a t a  from runs  i n  which o n l y  pu re  steam was f e d  t o  t h e  bed o f  c o a l  cha r .  
M i x t u r e s  of HpO and H2 o r  H20, H2, and CO were i n t r o d u c e d  and s t u d i e d  i n  t h e  
p resen t  program. 
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I n  a d d i t i o n  t o  t h e  e m p i r i c a l  data,  m e c h a n i s t i c  c o n s i d e r a t i o n s  were used 
t o  d i s c r i m i n a t e  among t h e  t h r e e  models  f o r  c a t a l y t i c  g a s i f i c a t i o n  k i n e t i c s .  
Severa l  mechanisms have been proposed f o r  t h e  steam-carbon r e a c t i o n  i n  t h e  
p a s t  ( 7 ) .  Recent work b y  Mims and Pabst ( 6 )  i n d i c a t e d  t h a t  t h e  o v e r a l l  
g a s i f i F a t i o n  k i n e t i c s  a r e  c o n s i s t e n t  w i t h  a s imp le  s u r f a c e  o x i d e  mechanism: 

oxygen exchange 

; ,k2 co + s u r f a c e  o x i d e  decompos i t i on  

With t h e  l a r g e r  d a t a  base and t h e  proposed mechanism, i t  was p o s s i b l e  
t o  b e t t e r  d i s t i n g u i s h  among t h e  t h r e e  r a t e  models i d e n t i f i e d  e a r l i e r .  
Model A was found t o  be c o n s i s t e n t  w i t h  b o t h  t h e  mechanism s t u d i e s  and t h e  new 
da ta .  T h i s  model i s  shown i n  genera l  f o rm below: 

Only 

rG = t h e  r a t e  o f  g a s i f i c a t i o n  i n  moles p e r  hour  p e r  f t 3  o f  r e a c t o r  

KG = t h e  e q u i l i b r i u m  c o n s t a n t  f o r  steam and 6 - g r a p h i t e  

P i  = t h e  p a r t i a l  p r e s s u r e  o f  component i i n  t h e  r e a c t o r  
k = t h e  r a t e  c o n s t a n t ;  i t  c o n t a i n s  t h e  c a t a l y s t  l o a d i n g  and tempera- 

t u r e  dependence. 

Parameter E s t i m a t i o n  f o r  t h e  G a s i f i c a t i o n  R e a c t i o n  

A t o t a l  o f  28 s u c c e s s f u l  f i x e d  bed r u n s  were made a t  p ressu res  r a n g i n g  
f r o m  100 t o  3500 kPa, H p  f l o w s  r a n g i n g  f rom 0 t o  1.0 moles p e r  hour, CO 
f l o w s  r a n g i n g  f rom 0 t o  0.17 mo les  pe r  hour  and steam f l o w s  r a n g i n g  f rom 0.3 
t o  1.3 moles pe r  hour .  I t  was observed t h a t  t h e  t o t a l  gas make and gas 
compos i t i on  changed d u r i n g  t h e  r u n s  as carbon was d e p l e t e d  f rom t h e  bed. I t 
was a l so  observed t h a t  t h e  methane and carbon d i o x i d e  were n e a r l y  i n  chemical 
e q u i l i b r i u m  w i t h  t h e  o t h e r  gas phase components f o r  t h e  c o n d i t i o n s  s t u d i e d .  

A comb ina t ion  o f  k i n e t i c  c o n s t a n t s  k and b i n  E q u a t i o n  1 were sought  
which would make t h e  p r e d i c t i o n s  o f  t h e  f i x e d  bed model b e s t  f i t  t h e  f i x e d  
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> 
bed da ta .  
observed molar  f l o w  r a t e s .  
would be as f o l l o w s :  

Best f i t  i s  d e f i n e d  b y  a sma l l  d e v i a t i o n  between p r e d i c t e d  and 
Thus, one e x p r e s s i o n  o f  t h e  o b j e c t i v e  f u n c t i o n  I 

where, 
s = t h e  sum o f  t h e  squares o f  t h e  d e v i a t i o n s  1 

- 
N i j k  = a p r e d i c t e d  m o l a r  f l o w  r a t e  
N i j k  = an observed m o l a r  f l o w  r a t e  

i = a p a r t i c u l a r  gas component (Hp, CO, C02, CH4, o r  H20) 
j = a p a r t i c u l a r  l e v e l  o f  carbon i n  t h e  f i x e d  bed r e a c t o r  
k = a p a r t i c u l a r  f i x e d  bed r e a c t o r  r u n  

\ 
i Hunter  (8)  has shown t h a t  use o f  t h i s  o b j e c t i v e  f u n c t i o n  w i l l  y i e l d  t h e  

maximum l i k e l i h o o d  e s t i m a t e s  f o r  k and b o n l y  i f  t h e  f o l l o w i n g  t h r e e  c r i t e r i a  
a r e  met: 

(1) The measurement e r r o r s  on each o f  t h e  f i v e  gas spec ies  a r e  n o r m a l l y  
d i s t r i b u t e d  and these  e r r o r s  a r e  independent .  

( 2 )  The v a r i a n c e s  on t h e  measurement e r r o r s  o f  a l l  o f  t h e  f i v e  gas 
species a r e  i d e n t i c a l .  

( 3 )  There i s  no c o r r e l a t i o n  between t h e  measurement e r r o r s  f o r  any two 
gas spec ies .  

From t h e  d e s i g n  o f  t h e  exper imen t  we know t h a t  t h e  measurements on  t h e  
f o u r  f i x e d  gases were r e l a t e d  i n  t h a t  t h e y  were a l l  sampled s i m u l t a n e o u s l y  
b y  t h e  gas chromatograph and t h e  compos i t i on  was no rma l i zed .  There fo re ,  an 
e r r o r  i n  t h e  measurement o f  any one o f  t h e  f o u r  f i x e d  gases would be d i s t r i b -  
u t e d  among t h e  o t h e r  t h r e e  f i x e d  gases as w e l l .  Fur thermore,  any e r r o r  i n  t h e  
measurement o f  CO o r  C02 would r e s u l t  i n  an e r r o r  i n  t h e  measurement o f  H20 
as w e l l  s i n c e  H20 y i e l d  was c a l c u l a t e d  b y  oxygen ba lance .  
t h e s e  c o n s i d e r a t i o n s ,  e q u a t i o n  2 was n o t  used as t h e  o b j e c t i v e  f u n c t i o n  f o r  
t h i s  s tudy .  

i n  cases where u n q u a n t i f i e d  c o v a r i a n c e  e x i s t s  i n  t h e  exper imen ta l  measurements: 

m i  n i m i  ze A = d e t  I Snm I 

where, 

As a r e s u l t  o f  

Box and Draper  (9) have d e r i v e d  t h e  f o l l o w i n g  o b j e c t i v e  f u n c t i o n  f o r  use 

A = t h e  de te rm inan t  o f  t h e  5 x 5 m a t r i x  composed o f  e lements Snm 
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where, I 

n,m = p a r t i c u l a r  gas components 
j , k  = as above. 

Hunter  ( 8 )  recommends t h e  use o f  t h i s  o b j e c t i v e  f u n c t i o n  when covar iance 
m i g h t  e x i s t  in t h e  exper imen ta l  measurements. 

Rosenbrock ’s  h i l l  c l i m b i n g  method (10) was used t o  search f o r  t h e  optimum 
va lues  o f  k and b i n  e q u a t i o n  1. 
r e a c t o r  model equa t ions  were n u m e r i c a l l y  i n t e g r a t e d  28 t imes ;  i . e . ,  once f o r  
each f i x e d  bed r e a c t o r  r u n  b e i n g  e s t i m a t e d .  
r e a c t o r  runs,  comparisons between c a l c u l a t e d  and observed m o l a r  f l o w  r a t e s  
were made f o r  8 t o  10 d i f f e r e n t  l e v e l s  o f  carbon i n  bed. W i th  f i v e  d i f f e r e n t  
gas species b e i n g  es t ima ted ,  t h e r e  were o v e r  1200 comparisons made f o r  each 
guess o f  a k,b p a i r .  For  each guess, t h e  a p p r o p r i a t e  c r o s s  p r o d u c t s  o f  
d e v i a t i o n s  were c a l c u l a t e d  and accumulated t o  f o r m  t h e  5 X 5 m a t r i x  o f  e l e -  
ments Snm. 
Rosenbrock r o u t i n e  t o  make a new guess a t  k and b.  

R e s u l t s  o f  t h e  Regress ion  

The i n i t i a l  guesses f o r  k and b were t a k e n  f r o m  t h e  r e s u l t s  o f  Vadovic 
and Eakman (5) .  

k = 0.0204 
b = 0.1775 

Fo r  e a 3  s e t  o f  k and b, t h e  f i x e d  bed 

Fo r  each o f  t h e  28 f i x e d  bed J 

The de te rm inan t  o f  t h i s  m a t r i x  was c a l c u l a t e d  and used by t h e  

-__ 

For  700°C and t h e  K / C  r a t i o  used these  were as f o l l o w s :  

The r o u t i n e  r e t u r n e d  t h e  f o l l o w i n g  va lues:  

k = 0.0173 
b = 0.2080 

F i g u r e s  6 th rough  10 a r e  p a r i t y  p l o t s  o f  t h e  p r e d i c t e d  and observed va lues 
of t h e  mo la r  f l o w  r a t e s  o f  H2, CO, Cop, CH4, and H20. 
show t h a t  t h e  f i x e d  bed r e a c t o r  model does a good j o b  o f  p r e d i c t i n g  a l l  o f  t he  
gas species from t h e  f i x e d  bed r e a c t o r  r u n s  ove r  a wide v a r i e t y  o f  c o n d i t i o n s  
wi th  t h e  e x c e p t i o n  of CH4. A s l i g h t  o v e r p r e d i c t i o n  o f  CH4 y i e l d  i s  observed. 

The p a r i t y  p l o t s  

Conclus ions 

The po tass ium c a t a l y z e d  g a s i f i c a t i o n  o f  I l l i n o i s  No. 6 b i t u m i n o u s  c o a l  
was found t o  f i t  a Langmuir -Hinshelwood t y p e  k i n e t i c  model. 
p r o v i d e s  a good f i t  t o  f i x e d  bed and m i n i a t u r e  f l u i d  bed d a t a  ove r  p ressu res  

T h i s  model 
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ranging from atmojpheric t o  3500 kPa and over broad ranges of gas composition. 
The model closely predicted the observed flow ra tes  of each specie in the 
product gas over a range of an crder of magnitude o r  more. This model i s  
consistent w i t h  the surface oxide mechanism for  the steam-carbon reaction 
which was proposed in ear l ie r  l i t e ra ture .  A sophisticated s t a t i s t i c a l  regres- 
sion technique was used to choose the two adjustable constants for t h i s  model 
by comparison with over 1200 pieces of data. 

practical commercial in te res t .  This kinet ic  model may be combined with 
independently verified correlations for  bubble growth and mass t ransfer  i n  a 
fluidized bed and used d i rec t ly  t o  study larger p i lo t  plant data or scale-up 
issues. 

I 

The kinetic constants were regressed from d a t a  taken over the range of 
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EVOLUTION ,V:D REMOVAL OF POLLUTANTS FROM THE GASIFICATION 
OF A SUBBITUMINOUS COAL I N  A FLUIDIZED BED REACTOR 

R.M.Felder, J .K.Ferrel1,  R.W.Rousseau, M.J.Purdy. and R.N.Kellg 

Department of Chemical Engineering 
North Caro l ina  S t a t e  Univers i ty  

Rale igh ,  North Caro l ina  27650 

INTRODUCTION 

A s  a p a r t  of a con t inu ing  r e sea rch  program on the  environmental  
a s p e c t s  of f u e l  convers ion ,  t h e  U. S. Environmental P r o t e c t i o n  Agency 
has sponsored a r e sea rch  p r o j e c t  on coa l  g a s i f i c a t i o n  a t  Caro l ina  
S t a t e  Un ive r s i ty  i n  t h e  Department of Chemical Engineering. The f a c i l i t y  
used f o r  t h i s  r e sea rch  is a smal l  coa l  gas i f i ca t ion -gas  c l ean ing  p i l o t  
p l a n t .  The o v e r a l l  o b j e c t i v e  of t h e  p r o j e c t  i s  t o  c h a r a c t e r i z e  the  
gaseous and condensed phase emiss ions  from t h e  gas i f i ca t ion -gas  c l ean ing  
process ,  and t o  determine how emission r a t e s  of va r ious  p o l l u t a n t s  depend 
on a d j u s t a b l e  process  parameters.  

North 

A complete d e s c r i p t i o n  of the  f a c i l i t y  and ope ra t ing  procedures i s  
given by F e r r e l l  e t  a l . ,  Vol I ,  (19801, and i n  abbrevia ted  form by Fe lder  
e t  a l .  (1980). A schematic diagram of t h e  G a s i f i e r ,  t h e  Acid Cas 
Removal System (AGRS), and o t h e r  major components i s  shown i n  F igu re  1. 

I n  an  i n i t i a l  s e r i e s  of runs  on t he  g a s i f i e r ,  a p r e t r e a t e d  Western 
Kentucky No. 11 coa l  was g a s i f i e d  wi th  steam and oxygen. The r e s u l t s  of 
t h i s  work a r e  g iven  by F e r r e l l  e t  al.,  Vol 11, (19811, and were presented  
a t  t he  EPA Symposium on Env i romen ta l  Aspects of Fuel Conversion 
Technology V ,  he ld  i n  S t .  Louis ,  Mo., September, 1980. 

The second major study c a r r i e d  o u t  on the  f a c i l i t y  vas  t h e  
steam-oxygen g a s i f i c a t i o n  of a N e w  Mexico subbituminous c o a l  (from t h e  
Navaho mine of t h e  Utah I n t e r n a t i o n a l  Co.) us ing  r e f r i g e r a t e d  methanol a s  
t h e  AGRS so lven t .  This  paper p re sen t s  a b r i e f  summary of t h e  g a s i f i e r  
ope ra t ion  us ing  t h i s  c o a l ,  shows examples of ana lyses  of some of t h e  
g a s i f i e r  e f f l u e n t  s t reams,  and p resen t s  a summary of t h e  r e s u l t s  of t h e  
ope ra t ion  of t h e  AGRS us ing  the  g a s i f i e r  make gas  a s  f eed .  

SUMMARY OF GASIFIER OPERATION 

The f l u i d i z e d  bed g a s i f i e r  and raw gas  c l ean ing  system (cyc lone ,  
ven tu r i  sc rubber ,  f i l t e r s  and hea t  exchanger) used for these  s t u d i e s  was 
o r i g i n a l l y  desigr.ed f o r  t he  g a s i f i c a t i o n  of a d e v o l a t i l i z e d  coa l  char  
w i t h  a very  low v o l a t i l e  mat te r  con ten t .  Extens ive  mod i f i ca t ion  of t he  
u p p e r  pa r t  of the  g a s i f i e r ,  t he  v e n t u r i  sc rubber  system, and the  hea t  
exchanger was r e q u i r e d ’  f o r  ope ra t ion  wi th  the high v o l a t i l e  ma t t e r  New 
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Mexico coal.  Table 1 shows a n  a n a l y s i s  of t h e  char  and coa l  used i n  
s t u d i e s  t o  da t e .  A f t e r  modi f ica t ion ,  t h e  system funct ioned  w e l l  i n  
provid ing  a c lean ,  dry  gas  t o  t h e  ac id  gas  removal system. 

A l l  of t he  experimental  work so f a r  has  been c a r r i e d  o u t  wi th  t h e  
s o l i d  coa l  p a r t i c l e s  f ed  i n t o  the  r e a c t o r  s eve ra l  f e e t  above t h e  top  of 
t h e  f l u i d i z e d  bed. The p a r t i c l e s  a r e  thus  i n  con tac t  w i th  t h e  h o t  
product gases  f o r  s eve ra l  seconds be fo re  mixing i n t o  t h e  f l u i d i z e d  bed, a 
mode of ope ra t ion  t h a t  tends t o  maximize t h e  product ion  of tars and o t h e r  
organic  l i q u i d s  from the  coa l .  It i s  an e x c e l l e n t  mode of ope ra t ion  f o r  
our p re sen t  purpose s i n c e  i t  produces r e l a t i v e l y  h igh  concen t r a t ions  of 
environmentally important elements and compounds. 

Proximate Analys is  
Fixed Carbon 86 .0  
V o l a t i l e  Mat te r  2 . 4  
Kois ture  0.9 
Ash 10.7 

42 .0  
35 .4  
10.5 
22.6 

Ult imate  Analys is  
Carbon 83.8 52.5 
Hydrogen 0.6 4.8 
Oxygen 2.2 18.3 
Nitrogen 0.1 1.2 
Su l fu r  2.6 0 .6  
Ash 10.7 22.6 

-----.----_____---______________________--------------------------- 

A t o t a l  o f  15  g a s i f i e r  runs  were made cover ing  a range  of r e a c t o r  
parameters.  For t h i s  s e r i e s  of runs )  t h e  average  tempera ture  of t h e  
f l u i d i z e d  bed was va r i ed  from about 1600°F t o  1800°F, and t h e  molar steam 
t o  carbon r a t i o  was v a r i e d  from about 1.0 t o  2.0. The c o a l  feed  r a t e  and 
the  r e a c t o r  p re s su re  were kept  nea r ly  cons t an t .  Seve ra l  of t h e  f i r s t  
r e a c t o r  runs  were made wi th  mixtures  of c o a l  and cha r ,  bu t  a l l  i n t e g r a t e d  
runs r epor t ed  on  l a t e r  were made wi th  100% coa l .  A t  t h e  lower 
temperatures t h e  product ion  of methane and of t a r s  and o t h e r  hydrocarbons 
i s  maximized. A s  t h e  tempera ture  i s  i nc reased ,  t h e  make gas  r a t e  
inc reases ,  t h e  product ion  of methane and o t h e r  hydrocarbons dec reases ,  
and t h e  concen t r a t ion  of C02 i nc reases .  

GASIFIER MODELING RESULTS 

' I o  a i d  i n  t h e  fo rmula t ion  of g a s i f i e r  performance c o r r e l a t i o n s ,  a 
simple model has been developed which cons ide r s  t he  g a s i f i c a t i o n  p rocess  
t o  occur i n  t h r e e  s t ages :  i n s t an taneous  d e v o l a t i l i z a t i o n  of cos1 i n  a 
zonc above t h e  f l u i d i z e d  bed, i n s t an taneous  combustion of carbon a t  t h e  
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bottom of the  bed, and steam-carbon g a s i f i c a t i o n  and water gas s h i f t  
r e a c t i o n  i n  a s i n g l e  p e r f e c t l y  mixed isothermal s tage .  The model i s  
s i g n i f i c a n t  i n  and of i t s e l f ,  but i t 6  p a r t i c u l a r  importance t o  the  
p r o j e c t  i s  t h a t  i t  enables  the s p e c i f i c a t i o n  of g a s i f i e r  condi t ions  
r equ i r ed  t o  produce a feed  t o  the  ac id  gas  removal system wi th  a 
predetermined flow rate and composition. 

I n  a prev ious  r e p o r t  ( F e r r e l l  e t  al . ,  19811, t he  s t r u c t u r e  of the  
model was presented ,  and t h e  a b i l i t y  of t he  model t o  c o r r e l a t e  d a t a  on 
t h e  g a s i f i c a t i o n  of a d e v o l a t i l i z e d  bituminous coa l  was demonstrated.  
The model was subsequently extended t o  inc lude  t h e  evo lu t ion  of v o l a t i l e  
gases  i n  the  py ro lys i s  s t a g e  of the g a s i f i c a t i o n  process ,  and used t o  f i t  
t h e  d a t a  from the  present  s e r i e s  of runs  wi th  the  New Mexico 
subbituminous coa l .  The model t akes  a s  input  t he  average r e a c t o r  bed 
tempera ture  and p res su re ,  t he  bed dimensions, feed  r a t e s  of coa l ,  steam, 
oxygen, and n i t rogen ,  s o l i d s  holdup i n  the  bed, and u l t ima te  a n a l y s i s  of 
t h e  feed  coa l ,  and c a l c u l a t e s  carbon conversion and make gas  flow r a t e  
and composition. A complete d e s c r i p t i o n  of t h e  model i n  i t s  p resen t  form 
w i l l  be g iven  i n  an EPA r e p o r t  now i n  p repa ra t ion .  A l o t  of model 
p r e d i c t i o n s  v s  measured va lues  of  carbon conversion i s  shown i n  F igure  2. 
The reasonably  c l o s e  proximi ty  of most p o i n t s  t o  t h e  45 degree  l i n e  on 
t h i s  and s i m i l a r  p l o t s  f o r  t o t a l  make gas flow r a t e  and i n d i v i d u a l  
spec ie s  (CO, H2, COP) emiss ions  i s  g r a t i f y i n g  io view of t h e  s i m p l i c i t y  
of the  model. 

AGRS OPERATION AND RESULTS 

Top f eed ing  coa l  i n t o  the  g a s i f i e r  allows a s u b s t a n t i a l  amount of 
d e v o l a t i l i z a t i o n  t o  t a k e  p lace  before  the  coa l  e n t e r s  t he  f l u i d i z e d  bed. 
While most commercial f l u i d i z e d  bed g a s i f i e r s  w i l l  use a deep-bed 
i n j e c t i o n  method of f eed ing  c o a l  i n t o  the  f l u i d i z e d  bed, i t  was decided 
no t  t o  modify our system i n  o r d e r  t o  maximize t h e  format ion  of t a r s ,  
o i l s ,  and o t h e r  hydrocarbons and t o  provide a more complete t e s t  of t he  
AGRS. 

It should a l s o  be noted t h a t  the  r e l a t i v e l y  s imple  ac id  gas  removal 
system used i n  t h i s  s tudy  l a c k s  the  complexity of t h e  s e l e c t i v e  systems 
found i n  many phys ica l  a b s o r p t i o n  processes .  These systems, which use 
more than  one abso rbe r  and s t r i p p e r ,  and o f t e n  s e v e r a l  f l a s h  t anks ,  
s e p a r a t e  s u l f u r  gases  from carbon d ioxide  b e f o r e  f u r t h e r  p rocess ing  of 
t h e  a c i d  gas .  This  i s  done t o  concen t r a t e  t h e  s u l f u r  gases  before  they 
a r e  fed  t o  a s u l f u r  recovery  u n i t ,  and t o  recover  the  Cog o r  vent  the  
C02-rich stream t o  t h e  atmosphere. While t h e  AGRS used i n  t h i s  study 
could have been modified t o  emulate an e x i s t i n g  s e l e c t i v e  abso rp t ion  
p rocess ,  was decided t h a t  d a t a  obta ined  from a r e l a t i v e l y  simple but  
we l l - cha rac t e r i zed  system would be of more use than d a t a  obta ined  from a 
f a i r l y  complex system, s i m i l a r  but not i d e n t i c a l ,  t o  e x i s t i n g  commercial 
systems. Through j u d i c i o u s  use of computer s imula t ion  and engineer ing  
c a l c u l a t i o n s ,  t h e  da t a  obta ined  from our system should be e x t r a p o l a t a b l e  
t o  more i n d u s t r i a l l y  s i g n i f i c a n t  s i t u a t i o n s .  

i t  
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Complete results from all runs carried out will be -published in a 

forthcoming EPA report. Illustrative results from a single run will be 
Presented here. Gas analyses from the six different locations shown in 
Figure The paragraphs that follow Summarize the 
Principal conclusions derived from analyses of the run data. 

1 are given in Table 2. 
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Acid Gas Removal 

The primary function of the AGRS is to remove COP and sulfur 
compounds from the gases produced during coal gasification. When using 
refrigerated methanol, the absorber also acts as an excellent trap for 
any other compound which condenses or disolves in the methanol at 
absorber conditions. 

The run data show that for the range of conditions studied, the most 
significant factor in high acid gas removal efficiencies is stripping 
efficiency. With the use of more extreme operating conditions and 
"cleaner" methanol fed to the absorber, the levels of C02, COS and H2S in 
the sweet gas can be reduced to acceptable levels. This is a 
particularly important point in the case of COS removal which poses 
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problems f o r  many c o a l  g a s  c l ean ing  systems. The d a t a  show t h a t  
r e f r i g e r a t e d  methanol i s  e f f e c t i v e  i n  removing COS and no unusual 
s o l u b i l i t y  c h a r a c t e r i s t i c s  were e v i d e n t  a t  moderate p re s su res  and low 
l i q u i d  temperatures .  

Trace S u l f u r  Compounds 

There a r e  s e v e r a l  s u l f u r  compounds besides  H2S and COS presen t  i n  
t h e  gas  f e d  t o  t h e  AGRS which must be removed. Table 2 shows t h e  
d i s t r i b u t i o n  of s e v e r a l  of t hese  compounds i n  the  AGRS. While t h e r e  is 
some s c a t t e r  i n  t h e  ana lyses  f o r  methyl mercaptan, thiophene,  CS2, and 
e t h y l  mercaptan/dimethyl s u l f i d e ,  it appears  t h a t  i n  most runs  they  a r e  
removed t o  ve ry  low l e v e l s  i n  t h e  absorber .  

A po in t  of p o t e n t i a l  enviromnental  s i g n i f i c a n c e  i s  t h a t  wh i l e  t hese  
compounds a r e  removed t o  low l e v e l s ,  they a r e  n o t  completely accounted 
f o r  i n  t h e  f l a s h  and ac id  gas  s t reams.  This  can be seen f o r  methyl 
mercaptan and thiophene, which a r e  p re sen t  i n  r e l a t i v e l y  high l e v e l s  i n  
t h e  f eed  gas.  These compounds w i l l  accumulate i n  t h e  r e c i r c u l a t o r y  
so lven t  and most l i k e l y  e v e n t u a l l y  leave t h e  system i n  one of t h r e e  e x i t  
s t reams:  sweet gas ,  f l a s h  gas ,  o r  a c i d  gas.  Because most s u l f u r  
recovery systems cannot t r e a t  mercaptans and thiophene, they w i l l  p r e s e n t  
emission problems i f  some a d d i t i o n a l  method of t r e a t i n g  t h e s e  gases  i s  
n o t  used. This can be a s i g n i f i c a n t  problem because t h e  t o t a l  s u l f u r  
from mercaptans,  o rgan ic  s u l f i d e s ,  CS2! and thiophene is approximately 
ha l f  of t h e  t o t a l  s u l f u r  a s s o c i a t e d  w i t h  COS. I f  t hese  compounds appear  
w i th  t h e  sweet gas ,  they a r e  l i k e l y  t o  a f f e c t  adve r se ly  downstream 
methanat ion c a t a l y s t s .  The presence of t hese  compounds i o  t h e  sweet g a s  
s t ream i s  a l s o  a problem i f  t h e  gas  i s  t o  be burned f o r  immediate use 
because t h e  s u l f u r  i n  these  compounds w i l l  be converted t o  SO2. 

I n  examining t h e  r e s u l t s  from a l l  runs ,  t h e r e  appears  t o  be some 
p a t t e r n  of t r a c e  s u l f u r  s p e c i e s  d i s t r i b u t i o n .  An i n c r e a s e  i n  s t r i p p e r  
temperature  from -5.6'F t o  48'F r e s u l t e d  i n  s u b s t a n t i a l l y  g r e a t e r  amounts 
of mercaptan and thiophene i n  t h e  ac id  gas  stream. CS seems t o  
d i s t r i b u t e  t o  a l l  e x i t  streams i n  most of t he  runs  d e s p i t e  t h e  
d i f f e r e n c e s  i n  p rocess  cond i t ions .  

2 

Perhaps t h e  most s i g n i f i c a n t  f i n d i n g  h e r e  i s  t h a t  over  a wide range 
of p rocess ing  cond i t ions ,  t h e  presence of a t  l e a s t  small  amounts of 
s e v e r a l  d i f f e r e n t  s u l f u r  s p e c i e s  i s  t o  be expected i n  a l l  AGRS e x i t  
s t reams,  and p rov i s ion  must be made f o r  handling t h e  a s soc ia t ed  problems. 

A l i p h a t i c  Hydrocarbons 

As t h e  amount of v o l a t i l e  m a t t e r  present  i n  a p a r t i c u l a r  coa l  
i n c r e a s e s ,  the product ion of a l i p h a t i c ,  aromatic ,  and polynuclear  
aromatic  compounds produced du r ing  g a s i f i c z t i o n  also i n c r e a s e s .  Over the  
range of cond i t ions  s t u d i e d  h e r e ,  t h e  most s i g n i f i c a n t  po in t  t o  be made 
about t he  d i s t r i b u t i o n  of a l i p h a t i c  hydrocarbons i s  t h e i r  presence i n  
s i g n i f i c a n t  q u a n t i t i e s  i n  t h e  f l a s h  and ac id  gases .  Although f l a s h i n g  of 
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the methanol down to atmospheric pressure prior to stripping would 
release most of the hydrocarbons, the COp-rich flash gas would still 
contain substantial amounts of several hydrocarbon species. This stream 
would require further processing before it could be vented. 

In a run in which the gasifier was operated at a lower temperature 
t o  increase the production of hydrocarbons, the aliphatic6 (excluding 
methane) made up almost 4.5% of the acid gas stream and 3.5% of the flash 
gas stream. While staging the flashing operations may result in a better 
distribution of these compounds, the total product from the flashing and 
stripping operations must be either recovered as product, fed to a sulfur 
recovery unit, or vented to the atmosphere. Since it is unlikely that 
all of the aliphatic hydrocarbons will appear in the sweet gas stream, as 
evidenced by the data collected here, additional treatment will be 
necessary to prevent their eventual appearance in a vent stream. 

There appears to be no unusual pattern of distribution of aliphatic 
hydrocarbons in the AGRS. The lighter hydrocarbons-- methane, ethylene, 
and ethane-- seem to distribute as vould be indicated from an examination 
of their pure-component solubilities in methanol. The magnitude of their 
solubilities, however, are greater than would be expected from Henry's 
law, especially at the high pressures used in the absorber. This is 
evident from the lower than predicted levels of ethane and ethylene in 
the sweet gas in several of the runs. 

Aromatic Hvdrocarbons 

Because large amounts of aromatic hydrocarbons are produced during 
coal gasification, the potential for environmental problems is great. 
These compounds, which range from benzene to polynuclear species of many 
forms, must be prevented from escaping from the gas cleaning process and 
their distribution throughout the gas cleaning system is of great 
concern. 

The simpler aromatics, benzene, toluene, and xylene, typically make 
up 0.1% (by volume) of the gas stream entering the AGRS. (See Table 2.)  
Analyses performed for selected runs indicate that significant quantities 
of these compounds are found in the solvent leaving the stripper. 
Eventually these compounds would build up in the solvent to the point of 
saturation. If the solvent is not effectively purged of these compounds 
periodically, they would begin to appear in several of the process 
streams. 

Methanol Analysis 

In order to identify the various hydrocarbon species that accumulate 
in the methanol, samples of the methanol leaving the stripper were taken 
for several runs. These samples were then analyzed by gas 
chromatographylmass spectrometry. The compounds detected are shown in 
Table 3 .  The presence of several siloxanes and phthalates was probably 
related to some contamination of the sample during processing. 
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Results from these runs indicate that most of the compounds 
accumulating in the methanol are simple aromatics, primarily substituted 
benzenes. A few C and Cll isomers were identified. indicating that 
napthalene is prigably present but at trace levels. The presence of 
trace amounts of C 14 and C15 isomers were found in but they could not be 
better identified. These may be polynuclear aromatics but they were 
present in very small amounts relative to the simpler aromatics. 

Samples of liquid condensing in the knockout tank downstream from 
the sour gas compressor were collected and analyzed by GC/HS. This 
condensate contains most of the heavier hydrocarbons fed to the AGRS. 
Results of these analyses are presented in Table 4, and show that the 
compounds identified are very similar to those found in the stripped 
methanol. Again, mostly simple aromatics were found. No polynuclear 
aromatics were present, vhich supports the findings of the earlier 
analyses. 

Results from these analyses indicate that very little, if any, 
polynuclear aromatic compounds were present in the gas fed to the AGRS. 
This is a particularly important finding. Analyses of the water used to 
quench gasifier product gas stream showed that s substantial amount 
of polynuclear aromatics were present. Evidently, scrubbing of the raw 
product gas with water effectively removes these compounds. 

the 

Although polynuclear aromatics are removed by the quenching process, 
substantial amounts of simpler aromatics will be present in the sour gas 
fed to the AGRS. The use of cold traps may remove some of these 
compounds but provision must be made to prevent their release to the 
atmosphere through vent streams or through the sulfur recovery unit. The 
accumulation of these compounds in the methanol further complicates the 
problem because of the increased likelihood of their distribution to a 
number of process streams. Achieving efficient solvent regeneration is, 
therefore, a key step in avoiding enviromnental problems. 

SUnMARY 

A cyclone, a cold water quench scrubber, and a refrigerated methanol 
absorber have been used to clean the make gas from the steam-oxygen 
gasification of a New Mexico subbituminous coal in a pilot-scale 
fluidized bed ractor. A model developed for the gasifier provides the 
capability of predicting the make gas amount and composition as a 
function of gasifier operating conditions. The methanol functioned 
effectively for acid gas removal. Removal of COq,  COS, and H2S ,to 
sufficiently low levels was achieved with proper choice of operating 
conditions and effective solvent regeneration, 
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TABLE 3 -----___________________________________------------------------------ 
COMPOUNDS IDENTIFIED IN STRIPPER EXIT lIETHANOL -----_________________________---------------------------------------- 

1. sat'd hydrocarbon 21. toluene 42. C3 alkyl benzene 
2. cop 22. methyl thiophene 43. C3 alkyl benzene 

isomer 44. C10H22 isomer 
3. C H isomer 23. C8H16 isomer 45. CloHlk' isomer 

46. C4 a yl benzene 4. tetramethylsilane 24. C8H16 isomer 
5. trichlorofluro- 25. C8H16 isomer 47. ClOHz2 isomer 

6. C 5 ~ l o  isomer 26. C8H isomer 48. C E isomer 

4 8  

methane 

tirace) 49. U%I% hydrocarbon 
7. unknown 27. C8H14 isomer 50. CgHlo 

(trace) 
hexamethyl 51. 
cyclotrisiloxane 
CgHZ0 isomer 52. 
C H isomer 53. 
e?,:? benzene 54. 

styrene 56. 

C9H18 isomer 58. 
C H isomer 59. 
C: zfkyl 60. 

benzene 

clOSiZmer 

xylene (M.P) 55. 

xylene (0) 57. 

18. C7H12 isomer 38. 61. C14E30 isomer 

19. C7H12 isomer 39. unknown 62. unknown 

20. unknown 40. unknown 63. C15H32 isomer 

41. Cl1HZ4 isomer 

hydrocarbon 

hydrocarbon hydrocarbon 

.................................................................. 

8. Freon 113 28. 

9. cyclopentadiene 29. 
10. C6H12 isomer 30. 
11. C6H14 jsomer 31. 
12. C6H10 isomer 32. 
13. benzene 33. 
14. C7H14 isomer 34. 
15. C7Hl6 isomer 35. 

17. C7H12 isomer 37. 
16. C7H16 isomer 36. 

C H isomer 

alkyl benzene isomer 
C H isomer 
C'B 28 isomer 
c8 Bo isomer c;B~;~o isomer 
unknown siloxane 
unknown siloxane 
unknown siloxane 
C14H30 isomer 

9 8  

TABLE 4 .................................................................... 
COMPOUNDS IDENTIFIED IN COMPRESSOR KNOCKOUT SAMPLE .................................................................... 

1. 1-penteoe 10. substituted benzene 
2. hydrocarbon 11. C8 hydrocarbon 
3. benzene 12. Cg hydrocarbon 
4. hydrocarbon 13. propyl or ethyl methyl substituted benzene 
5. Toluene 14. propyl or ethyl methyl substituted benzene 
6. cyclo C4-C5 15. 1-decene 
7. hydrocarbon 16. 2-propyl benzene 
8. ethyl benzene 17. 1-ethyl-4methy1 benzene 
9. dimethyl benzene ...................................................................... 
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The presence of several trace sulfur compounds--ercaptans, 
thiophenes, organic sulfides, and CS2--comp1icates the gas cleaning 
process because these compounds were found to distribute among all exit 
streams from the AGRS. Since no provision is made t o  specifically treat 
these forms of sulfur, the possibility of their emission into the 
atmosphere exists and must be dealt with to avoid significant 
environmental problems. 

A wide variety of aliphatic and aromatic hydrocarbons are present in 
the gas stream fed to the AGRS. The aliphatic hydrocarbons. ranging from 
methane to butane, cover a wide range of solubilities. Their presence in 
all AGRS streams must be anticipated to prevent their emission to the 
atmosphere. 

While a wide range of simple aromatics were identified in the gas 
stream fed to the AGRS, essentially no polynuclear aromatic compounds 
were found. Apparently, the water quenching process effectively removes 
these compounds from the gasifier product gas. Bowever. significant 
quantities of simple aromatics were found to accumulate in the 
recirculating methanol, indicating a potential for their eventual 
discharge to the atmosphere. Provision must be made to periodically 
purge the solvent of these compounds and/or remove them prior to the AGRS 
through cold traps. 
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I .  INTRODUCTION 

The United S t a t e s  has  v a s t  r e s o u r c e s  of  energy  i n  t h e  form of c o a l .  One 
method of  d i s t r i b u t i n g  t h i s  energy  s o u r c e  t o  t h e  consumer is t o  g a s i f y  t h e  
c o a l  and d i s t r i b u t e  t h e  g a s  through t h e  e x i s t i n g  n a t u r a l  g a s  p i p e l i n e  
d i s t r i b u t i o n  system. However, raw s y n t h e s i s  g a s  from a c o a l  g a s i f i e r  i s  not  
of  s u f f i c i e n t  p u r i t y  and does  not  provide  h e a t i n g  v a l u e  s u i t a b l e  f o r  use  
d i r e c t l y  a s  s u b s t i t u t e  n a t u r a l  g a s  (SNG). The s y n t h e s i s  g a s  produced by a 
c o a l  g a s i f i e r  r e q u i r e s  e x t e n s i v e  p u r i f i c a t i o n  and upgrading  b e f o r e  i t  c a n  be 
in te rchanged  w i t h  n a t u r a l  g a s .  The c u r r e n t  raw g a s  c o n v e r s i o n  sys tems were 
not  s p e c i f i c a l l y  des igned  w i t h  t h e  p r o d u c t i o n  of p i p e l i n e  q u a l i t y  g a s  from 
c o a l  i n  mind. P o t e n t i a l l y ,  s i g n i f i c a n t  c o s t  r e d u c t i o n s  could  r e s u l t  f rom t h e  
development of a n  improved, i n t e g r a t e d  p r o c e s s i n g  sys tem.  

As  p a r t  of t h e  s t r a t e g i c  o b j e c t i v e  of improving r e l i a b i l i t y ,  o p e r a b i l i t y ,  or 
reducing  g a s  c o s t s  of  c o a l  g a s i f i c a t i o n  p r o c e s s e s ,  t h e  Gas Research I n s t i t u t e  
(GRI) i s  developing  a new p r o c e s s  f o r  c o n v e r t i n g  s y n t h e s i s  g a s  t o  SNG. The 
key t o  t h i s  p r o c e s s  i s  t h e  development of a s u l f u r - r e s i s t a n t ,  d i r e c t  
methanat ion c a t a l y s t .  P r e l i m i n a r y  c o s t  e s t i m a t e s  show t h a t  t h e  d i r e c t  
methanat ion  p r o c e s s  could  d e c r e a s e  c a p i t a l  c o s t s  by o v e r  20% and o p e r a t i n g  
c o s t s  by l o % ,  r e s u l t i n g  i n  g a s  c o s t s  s a v i n g s  of  about  15% o v e r  
s t a t e - o f - t h e - a r t  methanat ion  and combined s h i f t - m e t h a n a t i o n  p r o c e s s e s .  

11. METHANATION PROCESSES 

A c o n v e n t i o n a l  g a s  p r o c e s s i n g  sys tem,  a s  shown i n  F igure  l A ,  i n c l u d e s  gas  
quench,  water-gas  s h i f t ,  g a s  c o o l i n g , a c i d  g a s  removal ,  methanat ion ,  
d e h y d r a t i o n ,  and compression.  These clean-up p r o c e s s e s  produce s e p a r a t e  
s t r e a m s  t h a t  r e q u i r e  f u r t h e r  p u r i f i c a t i o n  s o  t h a t  by-products ,  such  as S u l f u r ,  
phenols ,  ammonia, BTX, and t a r s ,  can  be i s o l a t e d  f o r  s a l e  whenever p o s s i b l e .  
The g?s quench u t i l i z e s  o i l  and/or  water  t o  c o o l  t h e  raw g a s  and t o  remove 
p a r t i c u l a t e s ,  t a r s ,  and o i l s ,  and o t h e r  c o n d e n s i b l e  components. 

Water-gas s h i f t  (Equat ion  1) is r e q u i r e d  t o  a d j u s t  t h e  H2/CO r a t i o  t o  o v e r  3 - 
CO + H20 - H2 + CO2 1 )  

as needed f o r  methanat ion .  Added s team r e a c t s  w i t h  t h e  carbon monoxide t o  
produce t h e  r e q u i r e d  hydrogen. The use  of new s u l f u r - i n s e n s i t i v e  s h i f t  
c a t a l y s t s  show a n  economic advantage  by a l l o w i n g  t h e  s h i f t  p r o c e s s  t o  be 
upstream of t h e  g a s  c o o l i n g  and a c i d  g a s  removal  sys tems.  The a c i d  gas  
removal system removes water,  carbon d i o x i d e ,  and s u l f u r - c o n t a i n i n g  
compounds. The c u r r e n t  methanat ion  p r o c e s s  u s e s  n icke l -based  c a t a l y s t s  f o r  
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c o n v e r t i n g  (methanat ing)  c a r b o n  monoxide and hydrogen t o  methane (Equat ion 
2 ) .  A f t e r  methanat ion ,  d e h y d r a t i o n  i s  r e q u i r e d  t o  remove t h e  w a t e r  formed 

I 

d u r i n g  m e t h a n a t i o n ;  a f t e r  which t h e  g a s  i s  compressed t o  p i p e l i n e  s t a n d a r d s .  I1 

Nickel  c a t a l y s t s  have demonst ra ted  t h e i r  e f f e c t i v e n e s s  f o r  conver t ing  
s y n t h e s i s  g a s  t o  methane. However, t h e r e  are  v e r y  s t r i c t  p r o c e s s  r e s t r i c t i o n s  
f o r  s u c c e s s f u l  u s e  of  n i c k e l  c a t a l y s t s .  S a t i s f y i n g  t h e s e  r e s t r i c t i o n s  can 
r e q u i r e  p r o c e s s  s t e p s  t h a t  a r e  c o s t l y .  A major  r e s t r i c t i o n  of n i c k e l  I 

c a t a l y s t s  arises from t h e i r  extreme s e n s i t i v i t y  t o  poisoning  by s u l f u r  
compounds t h a t  are a lways  p r e s e n t  i n  coa l -der ived  s y n t h e s i s  g a s .  Although 

g a s  processed  by n i c k e l  c a t a l y s t s  must be p u r i f i e d  t o  0.1 ppm s u l f u r  t o  avoid 
i r r e v e r s i b l e  p o i s o n i n g  o f  t h e  c a t a l y s t .  The n i c k e l  c a t a l y s t  c a n  a l s o  be 
i r r e v e r s i b l y  poisoned by carbon f o u l i n g ,  u n l e s s  t h e  hydrogen/carbon monoxide 

Nicke l  c a t a l y s t s  are a l s o  d e a c t i v a t e d  a t  h i g h  t e m p e r a t u r e s  (above 950°F), 
such  a s  t h o s e  t h a t  can o c c u r  dur ing  t h e  exothermic  methant ion  r e a c t i o n .  
Nickel  c a t a l y s t s  c a n n o t  be exposed t o  oxygen a f t e r  a c t i v a t i o n .  They r e q u i r e  
s p e c i a l  h a n d l i n g  and p r e t r e a t m e n t  procedures  t o  m a i n t a i n  r e a c t i v i t y .  

Improvements t o  t h e  c o n v e n t i o n a l  methanat ion  p r o c e s s  are  t h o s e  embodying 
combined s h i f t - m e t h a n a t i o n ,  s u c h  as t h o s e  developed by Conoco, R. M. Parsons ,  
United C a t a l y s t ,  I C I ,  and UOP. These p r o c e s s e s  u t i l i z e  t h e  w a t e r  formed i n  
methanat ion  f o r  water-gas  s h i f t .  (Equat ions  1 and 2 s i m u l t a n e o u s l y . )  A 
combined s h i f  t - m e t h a n a t i o n  p r o c e s s  i s  shown i n  F i g u r e  1 B .  S ince  nickel-based 
c a t a l y s t s  are used,  removal  of  s u l f u r  i s  r e q u i r e d  p r i o r  t o  s h i f t - m e t h a n a t i o n .  
A l l  the  combined s h i f t - m e t h a n a t i o n  p r o c e s s e s  r e q u i r e  s team a d d i t i o n  f o r  
s t o i c h i o m e t r y ,  t e m p e r a t u r e  m o d e r a t i o n ,  and/or  t o  prevent  carbon format ion .  An 
a d d i t i o n a l  a c i d  g a s  removal  system i s  r e q u i r e d  downstream of t h e  
s h i f t - m e t h a n a t i o n  p r o c e s s  t o  remove t h e  h i g h  c o n c e n t r a t i o n  of  CO2. 

The d i r e c t  m e t h a n a t i o n  p r o c e s s  b e i n g  developed f o r  G R I  shows s i g n i f i c a n t  
improvements o v e r  t h e  c o n v e n t i o n a l  methanat ion  and combined s h i f t - m e t h a n a t i o n  
p r o c e s s e s .  The d i r e c t  m e t h a n a t i o n  p r o c e s s ,  shown i n  F i g u r e  l C ,  methanates  t h e  
raw gas  d i r e c t l y  u s i n g  e q u a l  molar  c o n c e n t r a t i o n s  of carbon monoxide and 
hydrogen t o  form carbon d i o x i d e  and  w a t e r .  The c h e m i s t r y  of t h e  p r o c e s s  i s  
such  t h a t  s team i s  n o t  needed e i t h e r  t o  s u p p r e s s  carbon f o r m a t i o n  o r  t o  d r i v e  
t h e  water-gas s h i f t  r e a c t i o n .  Although t h e  o v e r a l l  r e a c t i o n  f o r  combined 
s h i f t - m e t h a n a t i o n  i s  t h e  same a s  f o r  d i r e c t  methanat ion  (Equat ion  3 ) ,  t h e  mech- 

"sweet" p i p e l i n e  g a s  can  c o n t a i n  4 ppm hydrogen s u l f i d e  (0.25 g r a i n s / 1 0 0  s c f ) ,  / 

I 

r a t i o  of  t h e  i n p u t  g a s  i s  m a i n t a i n e d  above 2.85 a n d / o r  e x c e s s  s team i s  added. I 

2CO 4- 2H2 = CH4 + CO2 3) 

anism appears  d i f f e r e n t  i n  t h a t  Cog i s  produced d i r e c t l y  r a t h e r  t h a n  by t h e  
w a t e r - g a s  s h i f t ,  t h u s  e l i m i n a t i n g  t h e  h i g h  s team requi rement .  The process  
shows p o t e n t i a l  s a v i n g s  i n  steam usage  and a c i d  g a s  removal. Other  p r o c e s s  
advantages  a r e  expanded upon i n  t h e  remainder  of  t h e  paper .  

111 .DIRECT METHANATION CATALYST DEVELOPMENT 

C a t a l y s i s  Research  C o r p o r a t i o n  (CRC), l o c a t e d  i n  P a l i s a d e s  Park ,  New J e r s e y ,  
i s  r e s p o n s i b l e  f o r  i t e r a t i v e l y  d e v e l o p i n g  n o v e l  c a t a l y s t  f o r m u l a t i o n s ,  
performing scoping  t es t s  t o  e v a l u a t e  t h e  e f f e c t i v e n e s s  of t h e  f o r m u l a t i o n s ,  
and propos ing  p r o c e s s  sequences  t h a t  b e s t  u t i l i z e  t h e  a d v a n t a g e s  of t h e  most 
promising c a t a l y s t s .  During t h e  l a s t  s i x  y e a r s ,  CRC h a s  t e s t e d  o v e r  600 new 
c a t a l y s t  f o r m u l a t i o n s  r e s u l t i n g  i n  s e v e r a l  composi t ions  t h a t  have promise f o r  
a p p l i c a t i o n  both i n  a c o n v e n t i o n a l  m e t h a n a t i o n  p r o c e s s  and i n  a new d i r e c t  
methanat ion  p r o c e s s .  
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The c a t a l y s t  development  program f o r  a s u l f u r - r e s i s t a n t  methanat ion  c a t a l y s t ,  
f rom 1974-1978, l e a d  t o  two p a t e n t e d  c a t a l y s t  f o r m u l a t i o n s .  I n  1977,  P a t e n t  
4 ,151,191 was i s s u e d  t o  CRC f o r  a cerium-molybdenum c a t a l y s t ,  d e s i g n a t e d  a s  
G R I  S e r i e s  200 (GRI-C-284). I n  1981,  P a t e n t  4 ,260,553 w a s  i s s u e d  t o  CRC f o r  a 
cerium-molybdenum-aluminium c a t a l y s t ,  d e s i g n a t e d  as G R I  S e r i e s  300 
(GRI-C-318). Both p a t e n t s  were a s s i g n e d  t o  G R I .  These c a t a l y s t s  s a t i s f i e d  
t h e  o r i g i n a l  p r o j e c t  o b j e c t i v e  of  deve loping  a s u l f u r - r e s i s t a n t  methanat ion  
c a t a l y s t ;  however, t h e y  a l s o  l e a d  t o  a new a r e a  of  s tudy .  

I n  1979, a second breakthrough was made i n  t h e  CRC c a t a l y s t  f o r m u l a t i o n  work. 
A new fami ly  of c a t a l y s t s ,  t h e  G R I  S e r i e s  400 and 500 c a t a l y s t s ,  were 
developed t h a t  promote t h e  d i r e c t  methanat ion  r e a c t i o n  (Equat ion  3 )  r a t h e r  
t h a n  t h e  water-gas  s h i f t  r e a c t i o n  (Equat ion  1). These c a t a l y s t s  p r o v i d e  the 
key t o  t h e  new d i r e c t  methanat ion  p r o c e s s .  The o v e r a l l  p r o j e c t  o b j e c t i v e  was 
changed t o  r e f l e c t  t h i s  breakthrough,  and s u b s e q u e n t i a l  work c o n c e n t r a t e d  o n  
deve loping  a d i r e c t  methanat ion  p r o c e s s .  

The p r e s e n t  series of  c a t a l y s t s  a r e  t h e  most a c t i v e  c a t a l y s t s  y e t  deve loped .  
These c a t a l y s t s  show s u f f i c i e n t l y  h igh  c o n v e r s i o n  and s e l e c t i v i t y  such  t h a t  
they  can  be used i n  a d i r e c t  methanat ion  p r o c e s s  t h a t  i n v o l v e s  no gas  
r e c y c l i n g  and u s e s  o n l y  a s i n g l e  a c i d  g a s  removal  system. They c a n  o p e r a t e  
wi th  f e e d  g a s e s  c o n t a i n i n g  h i g h  l e v e l s  of  s u l f u r  compounds and Cog. Carbon 
format ion  has  n o t  been observed ,  even w i t h  H z / C O  r a t i o s  a s  low a s  0.1 and 
wi th  no steam a d d i t i o n ,  and t h e  c a t a l y s t s  have h igh  maximum o p e r a t i n g  
tempera tures .  The c a t a l y s t  a r e  very  easy  t o  h a n d l e ;  they  c a n  be exposed t o  
a i r  a t  room t e m p e r a t u r e  w i t h  no l o s s  of  a c t i v i t y ,  and t h e r e f o r e ,  they  r e q u i r e  
l i t t l e  o r  no p r e t r e a t m e n t .  

I V .  DIRECT METHANATION CATALYST CHARACTERIZATION 

SRI I n t e r n a t i o n a l ,  l o c a t e d  i n  Menlo Park ,  C a l i f o r n i a ,  i s  r e s p o n s i b l e  f o r  
c h a r a c t e r i z i n g  t h e  promis ing  c a t a l y s t s  developed by CRC. The s t u d i e s  a r e  
i n t e n d e d  t o  d e f i n e  t h e  b u l k  and s u r f a c e  p r o p e r t i e s  t h a t  a f f e c t  t h e  s p e c i f i c  
methanat ion  a c t i v i t y ,  thermal  s t a b i l i t y ,  and d e a c t i v a t i o n  r e s i s t a n c e  of  t h e s e  
c a t a l y s t s  a s  a n  a i d  i n  f u r t h e r  development  and improvement. SRI h a s  been 
involved  wi th  t h e  Direct Methanat ion  P r o j e c t  s i n c e  1977,  b u t  a l s o  has  
developed c a t a l y s t s  under  c o n t r a c t s  t o  t h e  American Gas A s s o c i a t i o n  (A.G.A.) 
s i n c e  1972. 

The d i r e c t  methanat ion  p r o c e s s  r e q u i r e s  a c a t a l y s t  t h a t  s e l e c t i v e l y  promotes  
t h e  d i r e c t  m e t h a n a t i o n  r e a c t i o n  (Equat ion  3 ) .  C a t a l y s t  s e l e c t i v i t y  and 
a c t i v i t y  can  be s t r o n g l y  dependent  upon both  t h e  comp.osition and morphology of 
t h e  c a t a l y s t .  Development of b a s i c  methods t o  r e l a t e  microcomposi t iona l  and 
morphological  p r o p e r t i e s  of t h e  c a t a l y s t  t o  s e l e c t i v i t y  and a c t i v i t y  i s  
v i t a l l y  impor tan t  i n  t h e  development  of improved c a t a l y s t s  and g a s  p r o c e s s e s  
f o r  c o a l  convers ion  p l a n t s .  Work be ing  performed by S R I  i s  i n t e n d e d  t o  r e f i n e  
measurement t e c h n i q u e s  s u i t a b l e  f o r  u n d e r s t a n d i n g  t h e  observed behavior  o f  t h e  
d i r e c t  methanat ion  c a t a l y s t s .  

In  o r d e r  t o  e v a l u a t e  c a t a l y s t  s t r u c t u r e ,  SRI had t o  deve lop  o r  improve new 
e x p e r i m e n t a l  t e c h n i q u e s  u t i l i z i n g  (1) x-ray p h o t o e l e c t r o n  s p e c t r o s c o p y  (XPS o r  
ESCA), ( 2 )  scanning  e l e c t r o n  microscopy (SEM), and ( 3 )  BET s u r f a c e  a r e a  
measurements t o  p r o v i d e  i n f o r m a t i o n  on s t r u c t u r a l  changes of  c a t a l y s t s .  
D i s p e r s i o n  and s i n t e r i n g  s t a b i l i t y  s t u d i e s  have been performed u s i n g  x-ray 
d i f f r a c t i o n  (XRD), SEM, and ESCA t o  d e f i n e  changes  i n  t h e  p r o p e r t i e s  t h a t  
c o n t r o l  methanat ion  a c t i v i t y .  S o l i d  s t a t e  p r o p e r t i e s  of t h e  c a t a l y s t s  have 
been determined by a v a r i e t y  of s u r f a c e  s c i e n c e  t e c h n i q u e s .  

Because of its n a t u r e ,  most of t h e  work performed by SRI is p r o p r i e t a r y ;  a 
g e n e r a l  d i s c u s s i o n  of some a s p e c t s  of t h e  work f o l l o w s .  F i r s t ,  t es t s  were 
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performed t o  s t u d y  s t r u c t u r a l  changes  of t h e  c a t a l y s t  d u r i n g  methanat ion .  
This  r e s u l t e d  i n  t h e  d i s c o v e r y  of  a c r i t i c a l  f o r m u l a t i o n  v a r i a b l e  t h a t  
c o n t r o l s  t h e  s p e c i f i c  m e t h a n a t i o n  a c t i v i t y .  L a t e r ,  d i s c o v e r y  of a c o r r e l a t i o n  
between methanat ion  a c t i v i t y  and s u r f a c e  a c i d i t y ,  as measured by q u a n t i t a t i v e  
a b s o r p t i o n  o f  a weak base  (ammonia), s i m p l i f i e d  c a t a l y s t  e v a l u a t i o n .  F i n a l l y ,  
a p r e l i m i n a r y  e x p l a n a t i o n  of  t h e  mechanism by which t h e  G R I  S e r i e s  400 and 500 
c a t a l y s t s  o p e r a t e  was deve loped .  

V .  DIRECT CATALYST METHANATION EVALUATION 

The I n s t i t u t e  of Gas Technology (IGT),  l o c a t e d  i n  Chicago,  I l l i n o i s ,  i s  
r e s p o n s i b l e  f o r  e v a l u a t i n g  t h e  promis ing  c a t a l y s t  f o r m u l a t i o n s  prepared  by CRC 
us ing  feed  g a s e s  t h a t  s i m u l a t e  g a s i f i e r  e f f u e n t s  and developing  t h e  process  
d e s i g n  d a t a  f o r  promis ing  c a t a l y s t s  i n  v a r i o u s  p r o c e s s i n g  sequences .  The 
s t u d i e s  a r e  i n t e n d e d  t o  t e s t  t h e  c a t a l y s t s  f o r  l o n g e r  times and a t  more s e v e r e  
and r e a l i s t i c  c o n d i t i o n s  t h a n  t h e  scoping  tests performed by CRC. I G T  has 
been involved  w i t h  t h e  Direct Methanat ion  P r o j e c t  s i n c e  1978,  bu t  a l s o  has 
e v a l u a t e d  c a t a l y s t  under  c o n t r a c t s  t o  A.G.A. s i n c e  1972.  

The G R I  S e r i e s  500 c a t a l y s t s  a r e  t h e  b e s t  methanat ion  c a t a l y s t s  t e s t e d  t o  
d a t e .  They are  c a p a b l e  of  promot ing  t h e  m e t h a n a t i o n  r e a c t i o n  a t  tempera tures  
from 600° t o  1200°F, a t  a l l  p r e s s u r e s  from 200 t o  1000 p s i g ,  a t  f e e d  gas  
H 2 / C O  mole r a t i o s  from 3 down t o  0 .5 ,  and i n  t h e  presence  of up t o  3 mole % 
s u l f u r  (H2S, COS, CS2, CH3SH, C2H5SH, C3H7SH, and CqHqS). 
No carbon f o r m a t i o n  was d e t e c t e d  under  any of t h e  above mentioned c o n d i t i o n s .  
The presence  of C02 i n  t h e  f e e d  r e t a r d e d  t h e  t o t a l  CO c o n v e r s i o n  but  d i d  not 
promote any o t h e r  r e a c t i o n s .  Hydrocarbon a d d i t i o n s  of up t o  2 mole % 
C6H6, 0.05 mole % C6H50H, and 0.3 mole % NH3 d i d  n o t  p o i s o n  o r  f o u l  
t h e  c a t a l y s t s .  L i f e  t e s t s  were conducted  on t h e  G R I  S e r i e s  200 c a t a l y s t s  f o r  
more than  5000 hours ,  and ongoing l i f e  tests of  t h e  G R I  S e r i e s  500 c a t a l y s t s  
have extended f o r  more t h a n  2500 hours .  

The promising c a t a l y s t s  were a l s o  t e s t e d  i n  v a r i o u s  p r o c e s s i n g  sequences  t o  
provide  p r o c e s s  d e s i g n  d a t a .  IGT t e s t e d  t h e  e f f e c t s  of s p a c e  v e l o c i t y ,  
t empera ture ,  p r e s s u r e ,  and f e e d  composi t ion  on t h e  c o n v e r s i o n  of CO and Hg 
t o  CH4 and CO2 by t h e  d i r e c t  methanat ion  p r o c e s s .  The f e e d  g a s  s imula ted  
a g a s i f i e r  e f f l u e n t .  The p r o d u c t  composi t ion  of  e a c h  r e a c t o r  was used as t h e  
feed  composi t ion  f o r  e a c h  s u c c e s s i v e  r e a c t o r  s t a g e ,  and r u n s  a t  i d e n t i c a l  
t empera ture  and p r e s s u r e  were conducted .  This  approach  g e n e r a t e d  i n f o r m a t i o n  
on t h e  p r o c e s s  v a r i a b l e s  a t  e a c h  r e a c t o r  s t a g e ,  provided i n p u t  f o r  p r o c e s s  
d e s i g n ,  and served  as a g u i d e l i n e  f o r  c a t a l y s t  improvement. 

w e n c h  g a s e s  s i m u l a t i n g  t h o s e  from t h e  dry-bottom Lurgi ,  S l a g g i n g  Lurgi ,  
Westinghouse and HYGAS p r o c e s s e s  were t e s t e d .  For c a s e s  where t h e  H 2 / C O  
r a t i o  i s  less than  1, as i n  t h e  S lagging  L u r g i  c a s e  a t  H2/CO = 0.4, a 
p r e c o n d i t i o n i n g  s h i f t  was r e q u i r e d  t o  i n c r e a s e  t h e  H 2 / C O  r a t i o  t o  1.1 t o  
1.3. The p r o c e s s  s team r e q u i r e m e n t s  a r e  t h e r e f o r e  much lower t h a n  r e q u i r e d  
f o r  s h i f t i n g  t h e  g a s  t o  3 as  needed f o r  n i c k e l  methanat ion  c a t a l y s t s .  The 
s h i f t  was performed w i t h  a CRC developed ,  GRI  S e r i e s  300 c a t a l y s t  and r e q u i r e d  
o n l y  16% steam i n  t h e  f e e d  g a s  t o  t h e  methanat ion  s t e p ,  as shown i n  F igure  2 .  
Typica l  d a t a  f o r  a S l a g g i n g  L u r g i  f l o w s h e e t  a r e  shown i n  F i g u r e  3 f o r  t h e  
f i r s t  r e a c t o r  s t a g e .  

V I .  DIRECT PROCESS METHANATION EVALUATION 

C F Braun & Company, l o c a t e d  i n  Alhambra, C a l i f o r n i a ,  is t h e  e n g i n e e r i n g /  
c o n s t r u c t i o n  f i r m  r e s p o n s i b l e  f o r  deve loping  c o n c e p t u a l  p r o c e s s e s  from t h e  
d e s i g n  d a t a  c o l l e c t e d  by IGT a n d  from t h e  p r o c e s s  sequences  recommended by 
CRC. F i r s t - c u t  economic e v a l u a t i o n s  a r e  t h e n  performed based on t h e  
c o n c e p t u a l  p r o c e s s  d e s i g n .  The c o n c e p t u a l  p r o c e s s  d e s i g n  work i n c l u d e s  
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P r e p a r i n g  process  f low d iagrams and s i z i n g  equipment .  C a p i t a l  c o s t  and 
o p e r a t i n g  requi rements  estimates are used i n  t h e  economic e v a l u a t i o n  t o  
de te rmine  gas  c o s t s .  

A p r e l i m i n a r y  economic e v a l u a t i o n  was conducted i n  1979 ,  based on  t h e  u s e  of  a 
G R I  S e r i e s  300 c a t a l y s t .  The r e s u l t s  i n d i c a t e d  t h e  concept  would n o t  be 
c o m p e t i t i v e  because t h e  d e s i g n  r e q u i r e d  CO2 removal p r i o r  t o  methanat ion .  
However, C o g  removal i s  n o t  r e q u i r e d  w i t h  t h e  u s e  of  t h e  G R I  S e r i e s  400 and 
500 c a t a l y s t s ,  because t h e s e  c a t a l y s t s  have good a c t i v i t y  i n  streams w i t h  a 
h i g h  Cog c o n t e n t .  

A f i r s t - c u t  a n a l y s i s  of  t h e  d i r e c t  m e t h a n a t i o n  p r o c e s s  f o r  a S lagging  Lurgi  
g a s i f i e r  raw g a s  was j u s t  completed.  The a n a l y s i s  compared a 250 b i l l i o n  
Btu/day Slagging  L u r g i  g a s i f i c a t i o n  p l a n t  w i t h  a combined s h i f t - m e t h a n a t i o n  
p r o c e s s  t o  a p l a n t  des igned  around t h e  d i r e c t  methanat ion  p r o c e s s .  The d e s i g n  
of  t h e  g a s i f i e r  w a s  no t  changed,  bu t  t h e  o v e r a l l  downstream p r o c e s s ,  u t i l i z i n g  
commercial ly  a v a i l a b l e  subsys tems,  was r e d e s i g n e d  t o  b e s t  e x p l o i t  t h e  d i r e c t  
methanat ion  process  advantages .  A s i m p l i f i e d  f l o w s h e e t ,  based on  a G R I  S e r i e s  
500 c a t a l y s t ,  i s  shown i n  F i g u r e  4 .  

The pre l iminary  r e s u l t s  show t h e  d i r e c t  methanat ion  p r o c e s s  could  reduce  
c a p i t a l  c o s t s  o v e r  202, o p e r a t i n g  c o s t  by l o%,  and reduce  t h e  g a s  c o s t  by 
about  15%. The s a v i n g s  are r e a l i z e d  i n  reduced steam r e q u i r e m e n t s  and more 
e f f i c i e n t  s u l f u r  management p r o c e s s e s  s p e c i f i c a l l y  f o r  t h i s  a p p l i c a t i o n .  
F u r t h e r  s a v i n g s  were a n t i c i p a t e d  when new subsys tems are developed 
s p e c i f i c a l l y  f o r  use w i t h  d i r e c t  methanat ion .  

V I1 . C ONCLUS IONS 

The c u r r e n t  G R I  p r o j e c t  t o  deve lop  a d i r e c t  methanat ion  p r o c e s s  i s  making 
e x c e l l e n t  t e c h n i c a l  p r o g r e s s .  Direct methanat ion  p r o c e s s e s  u t i l i z i n g  t h e  CRC 
c a t a l y s t s  could p o t e n t i a l l y  r e a l i z e  t h e  f o l l o w i n g  a d v a n t a g e s  o v e r  e x i s t i n g  
techno logy : 

Reduced p l a n t  i n v e s t m e n t ,  o p e r a t i n g  c o s t s ,  and g a s  c o s t s  
E f f e c t i v e  hydrogen u t i l i z a t i o n  
One a c i d  g a s  removal s t e p  
Smal le r  a c i d  g a s  removal f e e d  s t r e a m  
Higher  energy  e f f i c i e n c y  
S u l f u r  t o l e r a n c e  
Carbon f o u l i n g  t o l e r a n c e  
Lower p r o c e s s  steam r e q u i r e m e n t s  
Decreased h e a t  exchange a r e a  

I f  t h e  development c o n t i n u e s  t o  be s u c c e s s f u l ,  t h e  d i r e c t  methanat ion  p r o c e s s  
w i l l  be pursued through t h e  p i l o t  p l a n t  scale t o  provide  t h e  technology base 
r e q u i r e d  f o r  commercial  a p p l i c a t i o n .  
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VARIATIONS IN THE INORGANIC CHEMISTRY OF COAL 

W.S. Fyfe, B . I .  Kronberg, Department of Geology, The Univers i ty  of Western Ontario, 
London, Canada 

J .  R. Brown, Energy Research Labora tor ies ,  Department of Energy, Mines a n d  Resources, 
Ottawa, Canada 

INTRODUCTION 

The composition of coal r e f l e c t s  i t s  complex physical and chemical h i s to ry .  
Throughout coal genes i s ,  from accumulation of p l a n t  deb r i s  and during subsequent 
c o a l i f i c a t i o n ,  s o l u t e  spec ies  i n  ground waters a r e  cons t an t ly  exchanged with the  
porous and reducing carbonaceous d e b r i s .  From e x i s t i n g  geochemical da ta  ( e . g . ,  
Wedepohl, 1969; Kronberg e t  a l . ,  1981) ,  i t  appears t h a t  coal and coa l - r e l a t ed  
ma te r i a l s  ( p e a t ,  l i g n i t e ,  e t c . )  may incorpora te  and accumulate a complex a r r ay  of 
elements. To some ex ten t  coal d e p o s i t s  a c t s  a s  g igan t i c  carbon f i l t e r s  through 
which ground waters wash the products of rock leaching .  
cerning t h e  exac t  s i t i n g  of t r a c e  elements i n  coal and these  elements a t  times 
a t t a i n  ore grade ( e . g . ,  U ,  Mo). 

The modern l a rge - sca l e  
only f o r  t h e  global carbon cyc le  bu t  cont ingent  on t h e i r  f a t e s  during combustion, 
a l s o  f o r  t h e  global cyc le  of o t h e r  elements concentrated i n  coa l .  
deposit ion over t h e  pas t  f i v e  decades of charcoal a s  well a s  severa l  meta ls  (Cr, 
Fe, Co, Ni, C u ,  Z n ,  Cd, Sn and Pb) i n  Lake Michigan sediments c o r r e l a t e s  with 
va r i a t ions  ( o i l ,  coa l ,  wood, i n s t a l l a t i o n  of cont ro l  devices)  i n  fue l  use (Goldberg 
e t  a l . ,  1981).  Associated with coal combustion i s  the accumulation of e a s i l y  leach- 
a b l e  a sh .  
Cd, Pb) sorbed onto su r faces  of Fe-A1-0 phases in ash a r e  e a s i l y  leached by perco- 
l a t i n g  waters .  

some of which a r e  known t o  play c a t a l y t i c  r o l e s  i n  coal combustion and t o  the  coal 
chemistry of the halogens. 
coa l s  i s  s i g n i f i c a n t  f o r  combustion technologies  (concerned with cor ros ion  problems, 
e t c . )  and f o r  problems r e l a t e d  t o  atmospheric emissions.  

EXPERIMENTAL 

Very l i t t l e  i s  known con- 

g a-’) burning of coal may have ramif ica t ions  not 

For example the  

Other r ecen t  work (Chapel le ,  1980) shows t h a t  some metals (Cr, Ni, Z n ,  

Here d iscuss ion  i s  confined t o  t h e  coal chemistry of the t r a n s i t i o n  meta ls ,  

The presence of F and C1 a t  t he  per cen t  l e v e l s  i n  some 

The ana ly t i ca l  da ta  repor ted  here pe r t a in  t o  samples of raw c o a l ,  ash from c o a l ,  
l i g n i t e  and t a r  sand, a s  well a s  NBS s tandard  re ference  coa l s  and coal ash .  The non- 
re ference  coa ls  a r e  bituminous coa l s  from Western Canadian mines, hosted in Creta- 
ceous formations.  The l i g n i t e s  a r e  from North Dakota and Ontar io ,  and the  t a r  sand 
from Fort  McMurray, Alber ta .  The B r i t i s h  Columbia coa l s  (samples 2-6, Table 1 )  a r e  
from d i f f e r e n t  seams i n  t h e  same mine, a s  a r e  t h e  Alberta coa l s  (samples 7-9) .  The 
sample numbers correspond t o  those  appearing in more d e t a i l e d  a n a l y t i c a l  r epor t s  
(Kronberg e t  a l . ,  1981; Brown e t  a l . ,  1981a, b ) .  The ana ly t i ca l  techniques employed 
i n  a l l  these s t u d i e s  a r e  spark source mass spectroscopy (SSMS) and e l ec t ron  spec t ro-  
scopy f o r  chemical a n a l y s i s  (ESCA) . 

ana lys i s .  
t a in ing  subs t an t i a l  mater ia l  of low mass number, which e a s i l y  forms polyatomic 
p o s i t i v e  ions .  Coal, due t o  i t s  h i g h  carbon content  exemplifies t h i s  d i f f i c u l t y ,  
and an unmanageable number of i n t e r f e r e n c e s  appear i n  the  mass spec t r a l  record of 
raw c o a l .  In t h i s  study the samples of c o a l s ,  l i g n i t e s  and t a r  sand were dry ashed 
f o r  4-6 hours a t  6OO0C in  a muffle furnace .  
t he  ash w i t h  pure g raph i t e  (Taylor ,  1965),  were sparked in  a JEOL mass spectrometer 

SSMS i s  useful f o r  surveying t h e  concen t r a t ions  of 60-70 elements i n  a s ing le  
However, i t  i s  necessary t o  pre-ash o r  otherwise p re - t r ea t  samples con- 

Sample e l ec t rodes ,  prepared by mixing 



(JMS-OlBM-2). 
q u a n t i t a t i v e l y  u s i n g  USGS s tandards  (F lanagan,  1973) .  W i t h  r e g a r d  t o  t h e  a n a l y s i s  
Of  c o a l s  and o t h e r  g e o l o g i c a l  m a t e r i a l s  ( s o i l s ,  Mn nodu les ,  r o c k s ,  v o l c a n i c  ash, 
deep-sea sediments, e t c . )  t h e  a n a l y t i c a l  u n c e r t a i n t y  i s  w i t h i n  t h e  v a r i a t i o n  encoun- 
t e r e d  u s i n g  normal samp l ing  techn iques .  

ESCA i s  a s p e c t r o s c o p i c  s u r f a c e  s e n s i t i v e  t e c h n i q u e  by wh ich  t h e  c o n c e n t r a t i o n s  
o f  a l l  eleinents ( e x c e p t  H)  can be surveyed s e m i - q u a n t i t a t i v e l y  t o  a s u r f a c e  d e p t h  of  
1-5 nm. D e t e c t i o n  l i m i t s  a r e  -10-9 g cm-2 o f  s u r f a c e  ( ~ 0 . 1  b u l k  w t .  %) .  Thus f o r  
g e o l o g i c a l  m a t e r i a l s ,  s e m i - q u a n t i t a t i v e  i n f o r m a t i o n  can be  o b t a i n e d  f o r  m a j o r  e l e -  
ments and f o r  s u r f a c e  c o n c e n t r a t e d  m i n o r  and t r a c e  e lements (Brown, 1978; B a n c r o f t  
e t  a l . ,  1979). There a r e  seve ra l  advantages o f  ESCA f o r  coa l  a n a l y s i s :  ( 1 )  ESCA 
i s  n o n - d e s t r u c t i v e .  It i s  o f t e n  p o s s i b l e  t o  g a t h e r  d e t a i l s  on  t h e  i n  s i t u  
c h e m i s t r y  o f  e lements ( o x i d a t i o n  s t a t e ,  c o o r d i n a t i o n  number, e t c . ) .  ( 3 )  B o t h  raw 
c o a l  and c o a l  ash may be ana lysed .  Ashing e f f e c t i v e l y  c o n c e n t r a t e s  t h e  m i n e r a l  
f r a c t i o n  i n  coa l  by an o r d e r  o f  magni tude,  p e r m i t t i n g  c o n c e n t r a t i o n  measurement o f  
a d d i t i o n a l  e lements.  
t i o n  by s u r f a c e  s o r p t i o n  r e a c t i o n s  may be  m o n i t o r e d .  
may be done q u i c k l y  (% 1 hou r )  and may be  u s e f u l  i n  f i n g e r p r i n t i n g  c o a l s .  

aluminum anode o p e r a t i n g  a t  200 w a t t s .  
t h i s  s t u d y  a r e  a v a i l a b l e  e lsewhere (Brown e t  a l . ,  1981a, b ) .  

RESULTS AND DISCUSSION 

The mass s p e c t r a  were r e c o r d e d  p h o t o g r a p h i c a l l y  and i n t e r p r e t e d  semi- 

( 2 )  

Sur face c o n c e n t r a t i o n  o f  e lements (e .g. ,  F, S )  d u r i n g  combus- 
( 4 )  ESCA m u l t i - e l e m e n t  scans 

ESCA s p e c t r a  were reco rded  u s i n g  a McPherson 26 spe t romete r  equipped w i t h  an 
D e t a i l s  o f  t h e  ESCA p rocedures  used f o r  

The c o n c e n t r a t i o n s ,  o b t a i n e d  b y  SSMS ( T a b l e  l), o f  t r a n s i t i o n  m e t a l s  and h a l o -  
gens f o r  some N o r t h  American c o a l s  and c o a l - r e l a t e d  m a t e r i a l s  a r e  compared ( T a b l e  2 )  
t o  da ta  a v a i l a b l e  f o r  c o a l  f r o m  v a r i o u s  sources and t o  c r u s t a l  abundances. The 
c h a o t i c  c o n c e n t r a t i o n  p a t t e r n s  f o r  many e lements a r e  a r e f l e c t i o n  o f  t h e  c o m p l e x i t y  
o f  chemical  and p h y s i c a l  processes a s s o c i a t e d  w i t h  c o a l  f o r m a t i o n .  The ext reme 
v a r i a t i o n  i s  p o s s i b l y  r e l a t e d  t o  l o c a l  ground w a t e r  c h e m i s t r y  and t o  t h e  l o c a l  
p e r m e a b i l i t y  o f  c o a l  and e n c l o s i n g  s t r a t a .  W i t h  r e s p e c t  t o  c r u s t a l  abundances (CA), 
b o t h  t h e  t r a n s i t i o n  me ta l  and ha logen  c o n c e n t r a t i o n s ,  range  f r o m  s t r o n g l y  d e p l e t e d  
( l e s s  than  1 0 - f o l d  CA) t o  s t r o n g l y  e n r i c h e d  ( g r e a t e r  t h a n  1 0 - f o l d  CA). The d a t a  
f rom o t h e r  sources i n c l u d e  t h o s e  f r o m  c o a l  d e p o s i t s  on o t h e r  c o n t i n e n t s ,  and t h e  
wide c o n c e n t r a t i o n  ranges may be an e x p r e s s i o n  of  t h e  t y p e  o f  E a r t h  processes 
l e a d i n g  t o  c o a l  d e p o s i t i o n  and f o r m a t i o n .  

O f  t h e  t r a n s i t i o n  m e t a l s  ( T a b l e  1 )  Sc, Y and Z r  appear  t h e  l e a s t  m o b i l e .  The 
v a r i a t i o n s  i n  Nb c o n c e n t r a t i o n s  a r e  i n t r i g u i n g  and Nb may be  more m o b i l e  o r  may be 
hos ted  i n  phases d i s t r i b u t e d  more uneven ly .  The v a r i a t i o n  i n  T i  c o n c e n t r a t i o n s  i s  
no tewor thy ,  and chemical  m i g r a t i o n  o f  T i  i n  a s s o c i a t i o n  w i t h  c o a l  d i a g e n e s i s  has 
been no ted  (Degens, 1958) .  
o f  T i  (and Z r )  compounds t o  enzymes and o t h e r  b i o l o g i c a l l y  a c t i v e  macromolecules 
(Kennedy, 1979) .  F u r t h e r ,  T a y l o r  e t  a l .  (1981)  have shown t h a t  Mg, Ca, T i ,  Fe, 
Cu, Zn spec ies  i n  c o a l  may be e x t r a c t e d  by o r g a n i c  s o l v e n t s .  

Our knowledge o f  t h e  sources of  ha logens and t h e i r  mode o f  c o n c e n t r a t i o n  i n  
c o a l  i s  vague. R i v e r  and ground wa te rs  f l o w i n g  i n t o  c o a l  b a s i n s  would c o n t r i b u t e  
s u b s t a n t i a l  amounts of C1. 
d i r e c t l y  o r  t r a n s f e r r e d  v i a  t h e  b i o s p h e r e .  The sou rces  o f  B r  and F a r e  l e s s  c e r t a i n .  
F c o u l d  be added d u r i n g  d e p o s i t i o n  by t h e  i n f l u x  of f i n e - g r a i n e d  d e t r i t a l  m i n e r a l s  
o r  v o l c a n i c  ash. 
No. 8 ( T a b l e  3 ) .  

I n  t h e  ESCA scans o f  raw c o a l s  ( T a b l e  31, t h e  l a r g e s t  peaks co r respond  t o  t h e  
d e t e c t i o n  s i g n a l s  f o r  ca rbon  ( C  I s )  and oxygen (0 I s ) .  
i n c l u d e d  A l ,  S i ,  Ca, sometimes S, and i n  some samples s u b s t a n t i a l  F and C1. Large 

Moreover, t h e r e  i s  ev idence  f o r  t h e  chemical  c o u p l i n g  

I t  c o u l d  be i n t r o d u c e d  by r a i n  and a e r o s o l s  e i t h e r  

For  example, f l u o r i t e  (CaF2) i s  observed i n  t h e  ESCA scan o f  c o a l  

O t h e r  e lements d e t e c t e d  
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v a r i a t i o n s ,  i n d i c a t e d  b y  t h e  number o f  c o u n t s  p e r  second d u r i n g  ESCA a n a l y s i s ,  a r e  
a t t r i b u t e d  t o  chemical  v a r i a t i o n s  i n  c o a l  s u r f a c e s .  The d i f f e r e n c e s  i n  carbon peak 
p o s i t i o n s  were o f  i n t e r e s t  e s p e c i a l l y  i n  sample no.  8, f o r  wh ich  t h e  C 1s  peak p o s i -  
t i o n  i s  i n d i c a t i v e  o f  g r a p h i t i c  ca rbon  and t h i s  scan a l s o  c o n t a i n s  t h e  l a r g e s t  F 1s 
s i g n a l .  

d i s p l a y s  c h a r a c t e r i s t i c s  (C 1 s  b i n d i n g  energy  284.4 eV) e s s e n t i a l l y  i d e n t i c a l  t o  
pu re  g r a p h i t e .  
Canadian c o a l  sample was g r e a t l y  e n r i c h e d  (>  1 w t .  pe rcen tage)  i n  an o r g a n i c a l l y  
found f l u o r i n e  spec ies ,  ~ ( C F Z ) ~  t ype .  

Fe) a peared and t h e  F 1s and S 2s peaks a r e  enhanced. S appear ing  b o t h  as SO:- 
and S8- i s  l i k e l y  a s s o c i a t e d  w i t h  Fe a s  i r o n  s u l p h i d e  ( p y r i t e ) ,  t h e  o u t e r  s h e l l  
o x i d i z e d  t o  s u l p h a t e  by combust ion.  The c o n c e n t r a t i o n s  o f  A l ,  Ca, T i  and Fe i n  
NBS r e f e r e n c e  ash (1633a) measured by ESCA ( u s i n g  t h e  S i  2s peak as a r e f e r e n c e )  
agree w e l l  w i t h  recommended v a l u e s .  I n  t h e  ash,  F and S s u r f a c e  c o n c e n t r a t i o n s  a r e  
much g r e a t e r  t han  those  obse rved  i n  t h e  b u l k  samples, and t h i s  c o u l d  be ev idence  f o r  
p r e f e r e n t i a l  s i t i n g  o f  t h e s e  e lements o n  ash su r faces .  C1 was n o t  d e t e c t e d  on t h e  
ash s u r f a c e s  by ESCA, i n  c o n t r a s t  t o  t h e  h i g h  s i g n a l s  no ted  on raw c o a l  s u r f a c e s ,  
and C1 may be removed i n  t h e  v o l a t i l e  phase d u r i n g  combust ion.  

CONCLUSION 

The combined use o f  SSMS and ESCA r e s u l t s  was s u c c e s s f u l  i n  p a r t  i n  overcoming t h e  
u n i q u e  a n a l y t i c a l  d i f f i c u l t i e s  p r e s e n t e d  by t h e  heterogeneous chemical  and p h y s i c a l  
d i s t r i b u t i o n  o f  i n t i m a t e l y  combined i n o r g a n i c  and o r g a n i c  spec ies  i n  c o a l .  
t echn iques  and m o d i f i c a t i o n s  o f  them a r e  a p p l i c a b l e  t o  t h e  s t u d y  o f  t h e  combust ion 
c h e m i s t r y  o f  coa l  as w e l l  a s  t o  t h e  assessment o f  t h e  env i ronmen ta l  impac t  o f  c o a l  
u t i 1  i z a t i o n .  
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